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INTRODUCCIÓN GENERAL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“La vida es como montar en bicicleta: 
para mantener el equilibrio solo hay que seguir pedaleando” 
Albert Einstein 
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A. INTRODUCCIÓN GENERAL 
A.1 Sucesión ecológica  
Los ecosistemas no son elementos estáticos, sino que, de manera natural, 
evolucionan a lo largo del tiempo, debido tanto a procesos relacionados con su dinámica 
interna así como a factores externos. El proceso de cambio de la composición y 
estructura de las comunidades biológicas es lo que se conoce como sucesión ecológica 
(Pielou 1966; Golley 1977; Luken 1990; Walker y del Moral 2003). Estos procesos pueden 
iniciarse con la colonización de hábitats recientemente formados o con la recolonización 
de otros que se han visto afectados por una perturbación muy intensa (Drury y Nisbet 
1973; Connell y Slatyer 1977; Pickett et al. 1987; Young et al. 2001; Atlas y Bartha 2002; 
Walker y del Moral 2003). 
El estudio de la sucesión en los ecosistemas terrestres es una disciplina dentro 
de la ecología que cuenta con más de un siglo de historia. Los primeros trabajos se deben 
a Warming (1895, 1909), quien realizó una síntesis inicial del proceso de sucesión 
basándose en las características diferenciales de poblaciones vegetales de distintas 
superficies recién expuestas, tales como dunas, zonas volcánicas o terrenos en los que 
se había producido un corrimiento de tierras. Posteriormente, Cooper (1916) interpretó 
las diferencias entre las comunidades vegetales existentes en distintas áreas localizadas 
en Glaciar Bay (Alaska, EEUU) observadas por Muir (1915) como distintas etapas 
sucesionales. Sin embargo, fue Clements (1916, 1928), estudiando el desarrollo 
temporal de las comunidades de vegetación a lo largo de las Montañas Rocosas (Canadá, 
EEUU, México), quien se considera sentó las bases para la gran mayoría de los estudios 
posteriores de sucesión ecológica (Peet y Christensen 1980; Walker y del Moral 2003). 
En estos trabajos, Clements enunció su teoría de la sucesión, en la que clásicamente se 
establecen seis procesos fundamentales: 1) la denudación: conjunto de procesos que 
crean un nuevo sustrato sobre el que se puede iniciar un proceso de sucesión; 2) la 
migración: los propágulos de los organismos llegan al sustrato recién creado; 3) la ecesis: 
establecimiento y crecimiento de estos propágulos; 4) la reacción: cambio que producen 
los organismos en los componentes bióticos y abióticos de los ambientes en los que se 
asientan; 5) la competición: los organismos que ocupan un área impiden el 
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asentamiento de otros; y finalmente, 6) la estabilización o “clímax”: resultado último de 
la sucesión.  
Con posterioridad a la teoría clementsiana, Gleason (1926, 1939) propuso una 
teoría sucesional en la que se da más importancia para el desarrollo de estos procesos 
a los atributos de los organismos individuales, así como a sus relaciones con el ambiente, 
en lugar de al funcionamiento conjunto de la comunidad propuesto por Clements. Esta 
visión es menos dogmática en lo que a los resultados de la sucesión se refiere, ya que 
propone que las etapas finales de la sucesión serán aquellas en las que se registra un 
recambio lento de especies, acompañado de cierto equilibrio poblacional, sin que tenga 
necesariamente que existir un punto final climácico determinado, predecible y 
completamente estable, como se proponía en la teoría clementsiana. Junto con estas 
dos grandes corrientes, las ideas propuestas también a principios del siglo pasado por 
Cowles (el primer ecólogo en proponer la sucesión como un proceso secuencial y 
direccional en su trabajo de 1901) o Tansley (quién propuso el término “ecosistema”, 
así como se mostró contrario a la visión holística de las comunidades ecológicas basada 
en las ideas de Clements) fueron de gran importancia y sentaron las bases de numerosos 
estudios posteriores (Shugart 2013; Christensen 2014; Michaud et al. 2015). A mediados 
y finales del siglo XX aparecieron trabajos de síntesis en el campo de estudio de la 
sucesión ecológica, como los realizados por Odum (1969) o Connell y Slatyer (1977). En 
la actualidad, el avance de las técnicas de estudio que permiten analizar todos los 
componentes de una comunidad, junto con el aumento exponencial de las capacidades 
computacionales que se han venido produciendo en las décadas más recientes, ha 
hecho que la corriente de los últimos estudios se base principalmente en las teorías de 
Gleason (Colinvaux 1993; Young et al. 2001; Hodkinson et al. 2002; Fukami y Morin 2003; 
Fierer et al. 2010; Shugart 2013). La repercusión que los estudios de sucesión fueron 
adquiriendo a lo largo de todo el siglo XX ha llevado a considerar el concepto de sucesión 
como el segundo más importante en Ecología tras la definición de ecosistema, 
situándolo a un nivel comparable al que tiene el concepto de evolución dentro de la 
Biología (Margalef 1968; McIntosh 1999; Michaud et al. 2015). Este hecho, junto al gran 
número de estudios publicados sobre sucesión ecológica, ha generado una amplia 
variedad de aproximaciones al propio concepto (Pickett et al. 1987, 2009; Nemergut et 
al. 2013) 
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A.1.1 Tipos de sucesión ecológica 
 Clásicamente se han diferenciado dos tipos de sucesión ecológica, la sucesión 
primaria y la secundaria (Miles y Walton 1993). La sucesión primaria se refiere al patrón 
temporal de cambio de las comunidades de organismos de un ecosistema que se 
produce tras la colonización de un sustrato de nueva formación que no haya sido 
previamente modificado por ningún organismo de manera significativa (Chapin 1994; 
del Moral y Wood 1993; Begon et al. 1996; Walker 1999; Walker y del Moral 2003; 
Vitousek 2004; Wardle et al. 2004). Estos procesos se dan, por ejemplo, en las áreas 
cubiertas por erupciones volcánicas tras el fin de las mismas (del Moral y Wood 1993; 
Kitayama et al. 1995; Cutler et al. 2014, Kinney et al. 2015) o en los terrenos que quedan 
descubiertos tras la desaparición de una capa de hielo por retroceso de un glaciar 
(Chapin et al. 1994; Sigler y Zeyer 2004; Brown y Jumpponen 2014). 
El término sucesión secundaria hace referencia al desarrollo que se da en un 
ecosistema tras una perturbación importante que ha destruido total o parcialmente las 
comunidades preexistentes, pero no el sustrato sobre el que éstas se asentaban, 
provocando por tanto un reinicio de la sucesión a partir de un hábitat previamente 
colonizado (Horn et al. 1974; Jiménez y Armesto 1992; Begon et al. 1996; Walker y del 
Moral 2003; Garnier et al. 2004). Ejemplos de estos procesos son el desarrollo de las 
comunidades biológicas del suelo que se produce tras el abandono de terrenos agrícolas 
(Toky y Ramakrishnan 1983; Scheu 1990; Garnier et al. 2004; Bautista-Cruz y del Castillo 
2005; Pueyo y Beguería 2007; Maharning et al. 2009), tras un incendio (Hanes 1971; 
Purdie y Slatyer 1976; Rull 1999) o tras la tala de un bosque (Covington 1981; Guariguata 
y Ostertag 2001).  
En ambos tipos de sucesión, los cambios que se producen en las comunidades 
biológicas desde la colonización inicial, y a lo largo del proceso sucesional, comprenden 
variaciones tanto en su composición taxonómica como en la diversidad de las mismas 
(Walker y del Moral 2003; Pickett et al. 2005; Hobbs et al. 2007).  
 
A.1.2 Modelos de sucesión ecológica 
Un modelo de sucesión es una construcción conceptual creada para explicar 
procesos complejos mediante la combinación de los diferentes factores implicados (e.g. 
físicos, químicos, biológicos), así como la relación entre estos y las distintas etapas de 
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desarrollo sucesional de las comunidades (Pickett et al. 1987). Estos modelos tratan 
tanto de explicar las trayectorias pasadas, como de predecir futuros desarrollos 
sucesionales (Walker y del Moral 2003; Molles et al. 2006; Johnson y Miyanishi 2010). 
Existen distintos acercamientos en el diseño de modelos, los cuales difieren en los 
factores considerados esenciales para explicar los procesos sucesionales (Pickett et al. 
1987; Fierer et al. 2010; Nemergut et al. 2013). Así, se ha diferenciado entre modelos 
alogénicos y autogénicos atendiendo a una clasificación del tipo de factores implicados 
(Tansley 1929, 1935; Odum et al. 1971; Fisher 1990).  
Los modelos alogénicos proponen que los factores abióticos (e.g. clima, régimen 
de precipitaciones, características fisicoquímicas del medio, etc.) son los que tienen una 
mayor influencia en la sucesión. Los factores abióticos modifican el hábitat y, por 
consiguiente, los organismos que lo ocupan se ven afectados. Por su parte, los modelos 
autogénicos proponen que son principalmente los factores bióticos (e.g. simbiosis, 
competencia, predación, parasitismo, etc.) los principales responsables de los cambios 
observados en la sucesión (Tansley 1935; Connell y Slatyer 1977; Smith y Huston 1990; 
Atlas y Bartha 2002; Walker y Del Moral 2003). Pese a que los procesos sujetos a causas 
autogénicas se han considerado predominantes en numerosos ecosistemas, 
especialmente en sucesión primaria, la influencia de factores abióticos en los mismos 
procesos de sucesión no se puede excluir (McFarland et al. 1999; Ellis y Coppins 2006; 
Granath et al. 2010). Los factores abióticos podrían tener una mayor influencia en las 
primeras etapas de la sucesión, durante la colonización y asentamiento de los 
organismos, para posteriormente, cuando el proceso sucesional ha avanzado, ser las 
interacciones entre los propios organismos, y de éstos con el sustrato, los factores más 
relevantes (Tansley 1935; Matthews 1992; Amoros y Wade ,1996; Lyautey et al. 2005; 
Francis 2006).  
 
A.1.3 Mecanismos de sucesión ecológica 
El desarrollo de las comunidades biológicas implica interacciones entre ellas y 
con el biotopo en el que se establecen, afectando con ello a las capacidades de 
colonización posterior por parte de otros organismos. Según Connell y Slatyer (1977), 
estas alteraciones pueden producirse por tres mecanismos, a saber, la tolerancia, la 
inhibición o la facilitación, los cuales se diferencian en la manera en la que influyen en 
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los procesos sucesionales (Fig. A1). Los tres mecanismos pueden actuar de manera 
simultánea en un mismo proceso de sucesión, el cual puede mostrar importantes 
diferencias en su desarrollo según cuál sea el mecanismo que esté actuando 
mayoritariamente (Fig. A.1, Pickett et al. 1987; Begon et al. 1996; Chapin et al. 1994).  
  
 
El mecanismo de tolerancia (naranja en Fig. A1) implica que las especies que se 
establecen en una zona no la alteran de un modo que favorezca o inhiba las capacidades 
de asentamiento del resto (Connell y Slatyer 1977; Pickett et al. 1987). De esta manera, 
las especies que colonizan un medio inicialmente son sustituidas por otras que 
presentan mejor capacidad de reclutamiento, así como mejores capacidades para 
competir por los recursos, las cuales pueden permanecer igualmente presentes en 
etapas intermedias o maduras del desarrollo sucesional (Connell y Slatyer 1977; Farrell 
Fig. A.1. Tipos de mecanismos sucesionales y las distintas fases que se producen a lo 
largo de una sucesión en la que actúe cada uno de ellos. Modificado de Connell y 
Slatyer (1977). 
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1991). El hecho de que un recambio de especies determinado por un mecanismo de 
tolerancia sea prácticamente inexistente más allá de las etapas iniciales ha provocado 
que existan escasos estudios que demuestren su influencia en los procesos de sucesión 
en suelos (Walker y Chapin 1986; Chapin 1994), limitándose a trabajos centrados en 
comunidades vegetales de praderas (Rice y Pancholy 1972; Smith y Rice 1983).  
Mediante un mecanismo de inhibición (gris en Fig. A1) los organismos asentados 
en una área modifican las características del medio impidiendo el asentamiento de 
nuevos colonizadores. La inhibición provoca que sólo sea posible una colonización por 
organismos diferentes cuando los presentes en la zona pierdan total o parcialmente su 
posición dominante en el ecosistema, tal y como puede suceder tras procesos de 
senescencia o tras una perturbación que elimine la mayor parte de los miembros de 
estas comunidades (Egler 1954; Horn 1981; Pickett et al. 1987; Farrell 1991). Ejemplos 
de estas interacciones inhibitorias son el secuestro de nutrientes del suelo por 
diferentes especies de plantas (Kruger 1983; Tilman 1988), el sombreado debido a una 
alta densidad de las mismas (Walker y Chapin 1986; Tilman 1988; del Moral 1999) o la 
producción de compuestos alelopáticos de origen vegetal (Tolliver et al. 1995) o 
antibióticos por parte de microorganismos (Hibbing et al. 2010). A pesar de que se han 
descrito fenómenos de inhibición para el asentamiento posterior de otras especies en 
distintos ecosistemas (Seigler 1996; Orr et al. 2005), no se tiene constancia de que sean 
mecanismos, ni únicos, ni principales, en ninguna sucesión que tenga lugar en el 
ecosistema edáfico (Matthews 1992). 
Por último, el mecanismo de facilitación (amarillo en Fig. A1) implica que ciertas 
especies que colonizan el medio favorecen que otros organismos diferentes puedan 
asentarse, mediante la formación de nuevos microambientes y/o la acumulación de 
recursos. Los nuevos colonizadores pueden desplazar a las especies pioneras al 
presentar adaptaciones más adecuadas para las nuevas condiciones generadas. Las 
costras microbianas constituyen un ejemplo de estos mecanismos; los diferentes 
organismos que las componen colaboran en la formación de una estructura que capta y 
acumula nutrientes, al tiempo que favorece la creación de unas nuevas condiciones 
fisicoquímicas, las cuales influyen positivamente en las capacidades de establecimiento 
posterior de otros organismos (Belnap et al. 2001; Stachowicz 2001; Escudero et al. 
2007; Breen y Lévesque 2008; Pointing y Belnap 2012; Schulz et al. 2013). También son 
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frecuentes los mecanismos de facilitación a nivel de interacciones individuo-individuo, 
como en el caso de las micorrizas (Allen y Allen 1988; Simard y Durall 2004; van der 
Heijden y Horton 2009) y en el de las relaciones endosimbióticas entre plantas y 
procariotas, como entre el género de plantas Alnus y el de actinobacterias Frankia 
(Crocker y Major 1955; Torrey 1990; Benson y Silvester 1993; Schwencke y Carú 2001) o 
entre plantas del género Gunnera y cianobacterias del género Nostoc (Bonnet y Silvester 
1981; Rai et al. 2000; Bergman y Osborne 2002; Guevara et al. 2002; Papaefthimiou et 
al. 2008). Estas relaciones planta-bacteria están predominantemente presentes en 
etapas tempranas de la sucesión en sedimentos glaciares, bosques y ambientes alpinos, 
bien del Hemisferio Norte (Europa y Norteamérica, principalmente) en el caso de Alnus-
Frankia (Benson y Silvester 1993; Schwencke y Carú 2001; Chaia et al. 2010; Anderson 
et al. 2013), bien en regiones muy concretas del Hemisferio Norte, como Hawaii, y 
diversas zonas del Hemisferio Sur, en el caso de Gunnera-Nostoc (Bonnet y Silvester 
1981; Guevara et al. 2002; Papaefthimiou et al. 2008). En ambos casos, las células 
microbianas se establecen dentro de las células radiculares de la planta, dónde fijan 
nitrógeno atmosférico que luego transfieren a las células vegetales, las cuales a cambio 
les proporcionan compuestos de carbono, predominantemente azúcares (Bonnet y 
Silvester 1981; Benson y Silvester 1993; Rai et al. 2000; Schwencke y Carú 2001; Chaia 
et al. 2010; Anderson et al. 2013). Estas relaciones simbióticas son de gran importancia 
para el ecosistema, ya que permiten a la planta pionera aumentar la captación de 
nitrógeno y carbono, lo que representa una ventaja en la colonización de los ambientes 
oligotróficos propios de las estadios poco desarrollados de la sucesión (Reynolds et al. 
2003; van der Heijden et al. 2008; Powell y Klironomos 2014). Por otro lado, la simbiosis 
permite un mayor desarrollo de las comunidades implicadas, provocando una 
modificación más intensa del sustrato que favorece el asentamiento posterior de otros 
organismos (Vitousek y Walker 1989; Bergman et al. 1992; Guevara et al. 2002; 
Densmore 2005; Igual et al. 2006; van der Putten et al. 2013; Powell y Klironomos 2014). 
Mientras que la importancia de los mecanismos de facilitación para posteriores 
procesos de colonización, así como la diversidad de las relaciones planta-
microorganismo, han sido ampliamente caracterizadas en terrenos colonizados por 
Alnus en simbiosis con Frankia (Chapin et al. 1994; Walker y del Moral 2004; Chaia et al. 
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2010; Anderson et al. 2013), la simbiosis entre Gunnera y Nostoc ha recibido mucha 
menos atención (Guevara et al, 2002).  
Pese a la posible actuación simultánea de varios mecanismos, la facilitación 
podría ser el mayoritario cuando hay una alta tasa de recambio de especies, así como 
en las etapas iniciales de la sucesión, mientras que los mecanismos de tolerancia e 
inhibición podrían dominar las etapas que presentan una composición de especies más 
estable, como es el caso de las etapas maduras de la sucesión (Walker y Chapin 1986; 
Farrel 1991; Bertness y Callaway 1994; Eriksson 2000). Además, se ha observado que 
una misma especie puede interactuar de manera diferente con diversas especies, 
dependiendo de las condiciones bióticas y abióticas de la etapa de desarrollo en la que 
se encuentre (Pickett et al. 1987; Chapin et al. 1994; Fastie et al. 1995; Densmore 2005). 
 
 
A.2 Comunidades microbianas en el suelo  
A.2.1 Desarrollo del suelo 
La formación del suelo o pedogénesis es un proceso complejo (Harden 1982; 
Jenny 1994; Ugolini y Dahlgren 2002; Haugland y Haugland 2008; Mavris et al. 2010) que 
comienza con la meteorización (mecánica, química y/o biológica) de la roca madre, 
desarrollándose en paralelo a la sucesión primaria (Crocker y Major 1955; Matthews 
1992; He y Tang 2008). A lo largo de este proceso se forman una serie de capas en el 
suelo, llamadas horizontes, que difieren con la profundidad en composición y textura 
(Lavahun et al. 1996; Schmidt et al. 2008; Rumpel y Kögel-Knaber 2010; Zumsteg et al. 
2011; Jumpponen et al. 2012; Knelman et al. 2012; Schulz et al. 2013). La pedogénesis 
está condicionada por la interacción entre diferentes factores, tanto abióticos, como 
bióticos. Como se puede ver en la Fig. A2, en el inicio de la pedogénesis, factores pasivos 
internos, tales como la topografía, el clima, características fisicoquímicas del sustrato y 
el pool regional de microorganismos, son los más influyentes. Posteriormente, factores 
dinámicos externos, tales como el grado de erosión, textura, contenido hídrico, cantidad 
de materia orgánica y nutrientes, junto con la biota que coloniza estos suelos (Fig. A2), 
adquieren una mayor relevancia en el desarrollo. 
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De entre los factores dinámicos externos, el régimen de precipitaciones es uno 
de los que se ha considerado más determinante, tanto en las dinámicas de la 
pedogénesis, como de la sucesión primaria (Ugolini y Dhalgren 2002; Wang et al. 2010; 
Philippot et al. 2011). En este sentido, la velocidad de desarrollo de un suelo aumenta si 
las precipitaciones son continuas y moderadas, pudiendo llegar a ralentizarse si alcanzan 
niveles excesivamente altos, los cuales conduzcan a fenómenos de lixiviación de los 
nutrientes presentes en el terreno (Ollivier et al. 2011). Por su parte, características 
estructurales tales como el grado de compactación o la textura de los materiales inertes 
Fig. A.2. Interacciones entre factores que influyen en el desarrollo del suelo. Las 
flechas exteriores a los círculos indican periodos de tiempo mientras que las internas 
indican influencias. Modificado de Walker y del Moral (2003). 
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del suelo (Fig. A.2) tienen también una gran influencia en la pedogénesis, así como en la 
colonización microbiana del mismo (Kaiser et al. 1992; Chenu y Stotzy 2002; Schulz et 
al. 2013). Los microorganismos del suelo, a su vez, influencian la pedogénesis, 
especialmente en etapas iniciales de desarrollo, mediante acciones químicas y físicas 
que provocan la disolución de las rocas y del sustrato mineral sobre el que se asientan, 
en un proceso llamado meteorización biológica (Ascaso y Wierzchos 1996; Gadd 2007; 
Mapelli et al. 2012). De igual manera, una vez que el desarrollo del suelo permite el 
establecimiento y crecimiento de plantas, éstas actúan, tanto sobre la estructura 
edáfica, como sobre la estructura de las comunidades biológicas, ya sea mediante 
acciones físicas asociadas al desarrollo de sus raíces o debido a los compuestos químicos 
que éstas exudan, tal y como ha sido descrito en la colonización de áreas descubiertas 
por retroceso de glaciares (Sigler y Zeyer 2002, 2004; Nemergut et al. 2007; Schmidt et 
al. 2008; Schulz et al. 2013; Brown y Jumpponen 2014; Ciccazzo et al. 2015).  
 
A.2.2 Diversidad de las comunidades microbianas del suelo 
Los microorganismos tienen una gran influencia, tanto en la pedogénesis, como 
en los procesos de sucesión ecológica en suelos (Schloss y Handelsman 2005; Hamady 
et al. 2008; Fierer et al. 2010; Simon y Daniel 2011; Nemergut et al. 2013). La mayoría 
de los conceptos utilizados en la descripción de los procesos sucesionales de 
comunidades vegetales pueden ser utilizados para estudios similares centrados en las 
comunidades microbianas (Fierer et al. 2010). Sin embargo, el análisis de las dinámicas 
de sucesión microbiana conlleva dificultades propias, derivadas principalmente de la 
imposibilidad de aislar y cultivar la mayor parte de los microorganismos presentes en 
los suelos, o de la gran influencia que pueden tener incluso pequeñas perturbaciones 
ambientales sobre las comunidades microbianas (Hill et al. 2000; Fukami y Morin 2003; 
Kirk et al. 2004; Schloss y Handelsman 2005; Thompson et al. 2005; Schmidt et al. 2008; 
Monier et al. 2011; Sharma et al. 2012). El desarrollo de técnicas de estudio 
independientes de cultivo (e.g. DGGE, secuenciación masiva, microarrays, etc.) han 
permitido superar en parte estas dificultades, ya que permiten caracterizar la estructura 
completa de la comunidad microbiana, contribuyendo a expandir el conocimiento sobre 
la composición y la diversidad taxonómica, dinámicas metabólicas, implicaciones 
Introducción general | 25 
 
 
ecosistémicas, etc. (Schloss y Handelsman 2005; Hamady et al. 2008; Fierer et al. 2010; 
Simon y Daniel 2011; Nemergut et al. 2013).  
Se estima que las especies de organismos presentes en el suelo pueden 
representar casi un 25% (1,5 millones aproximadamente) del total de todas las especies 
de seres vivos descritos en el planeta (Decaëns et al. 2010), aunque la mayor parte de la 
diversidad podría estar aún sin describir (André et al. 2002; Blaxter et al. 2005, Decaëns 
et al. 2006). Se ha propuesto que existe una correlación inversa entre el número de 
especies conocidas de un grupo taxonómico y el tamaño celular o del cuerpo de los 
organismos del suelo (Decaëns et al. 2006, 2008). Gracias a las nuevas técnicas 
metagenómicas se ha mostrado que la mayor abundancia y diversidad de los 
microorganismos edáficos se sitúa en los centímetros más superficiales (Sigler y Zeyer 
2002; Fierer et al. 2003; Ekschmitt et al. 2008; Schütte et al. 2010; Zumsteg et al. 2012; 
Bajerski y Wagner 2013; Brown y Jumpponen 2014; Rime et al. 2015). Sin embargo, las 
comunidades microbianas presentes a profundidades mayores tienen también una gran 
influencia en el suelo, tanto en la pedogénesis, como en los procesos de sucesión 
ecológica (Konopka y Turco 1991; Hiebert y Bennett 1992; Madsen 1995; Richter y 
Markewitz 1995; Buss et al. 2005; Shen et al. 2010; Eilers et al. 2012; Li et al. 2013). Estos 
microorganismos presentes en zonas más profundas del suelo tienen adaptaciones 
fisiológicas diferentes a las que presentan los grupos que se establecen cerca de la 
superficie, las cuales les permiten colonizar esas áreas (Pedersen y Jacobsen 1993; 
Vorobyova et al. 1997; Fierer et al. 2003; Rumpel y Kögel-Knaber 2011; Eilers et al. 2012; 
Rime et al. 2015). La abundancia de bacterias Gram positivas y actinomicetes aumenta 
con la profundidad, mientras que las bacterias Gram negativas y los hongos disminuyen 
(Eilers et al. 2012; Frey 2014; Rime et al. 2015), cambios que suceden en paralelo a una 
disminución importante tanto de los valores de diversidad, como de contenido de 
biomasa microbiana (Fierer et al. 2003; Zhou et al. 2004; Hartmann et al. 2009; Schulz 
et al. 2013; Eilers et al. 2012). Esta desigual distribución implica que difieran también las 
principales actividades de las comunidades microbianas con la profundidad, debido a la 
citada necesidad del desarrollo de alternativas metabólicas en microorganismos de 
zonas más profundas para desarrollarse a una menor concentración de nutrientes 
esenciales (Fierer et al. 2003; Frey et al. 2014).  
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En el suelo existen numerosos microhábitats asociados a la formación de 
agregados de fragmentos minerales y materia orgánica (Fig. A.3). Estos agregados 
permiten la formación de poros que favorecen la aireación o acumulación de agua, así 
como el desarrollo de comunidades microbianas embebidas en matrices de polímeros 
extracelulares. La heterogeneidad espacial a nivel de microescala, derivada de la 
formación de estos agregados, genera una distribución no homogénea de los 
microorganismos, siguiendo sus requerimientos ambientales específicos (e.g. aerobios 
estrictos, anaerobios facultativos, microaerófilos, anaerobios estrictos, etc.) (Swift et al. 
1979; Starks et al. 1981; Killham 1994; Atlas y Bartha 2002; Wardle 2002; Decaëns 2010; 
Vos et al. 2013; Frey et al. 2013).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Por otro lado, las condiciones mesoclimáticas del área pueden ejercer también 
una gran influencia sobre la composición y la diversidad las comunidades microbianas 
del suelo (Fierer et al. 2003; 2007ab; Gilbert et al. 2010; Nemergut et al. 2007; Noll y 
Wellinger 2008; Ranjard et al. 2013), así como sobre sus niveles de actividad metabólica 
(Lombard et al. 2011; Sharma et al. 2012).  
Fig. A.3. Representación de un agregado de suelo que muestra la disposición de las 
colonias microbianas. Modificado de Brock (1979). 
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En los ecosistemas edáficos existen microorganismos acelulares (virus), 
microorganismos procariotas (bacterias y arqueas), y microeucariotas (hongos y algas) 
(Jumpponen et al. 2003; Fierer y Jackson 2006; Nicol et al. 2006; Xu 2006; Fierer et al. 
2007b; Seckbach 2007; Srinivasiah et al. 2008; Otto et al. 2010; Bates et al. 2011; 
Zumsteg et al. 2012; Frey et al. 2013; Tedersoo et al. 2014; Ruggiero et al. 2015). Los 
virus son microorganismos que carecen de estructura celular, constituidos sólo por 
material genético (ADN o ARN) protegido por una envuelta proteica, y que únicamente 
pueden replicarse en el interior de una célula (Breitbart y Rowher 2005; King et al. 2011). 
Estos microorganismos constituyen el componente biótico más abundante de los 
ecosistemas terrestres donde pueden llegar a representar entre 3,4 y 4,6 veces el 
número de bacterias (Breitbart y Rowher 2005; Williamson et al. 2005), siendo más 
numerosos los que presentan ADN de doble cadena (Srinivasiah et al. 2008). En la 
actualidad, los virus se clasifican en siete órdenes diferentes y más de 5000 especies 
(Adams et al. 2015; Krupovic et al. 2016). Aunque su presencia está determinada por la 
existencia de los hospedadores adecuados en el medio (Rowher 2003; Breitbart y 
Rowher 2005; Kim et al. 2008; Srinivasiah et al. 2008), factores tales como la 
composición y la fuerza iónica de las partículas del suelo, el pH, la cantidad de materia 
orgánica disuelta y el contenido hídrico del suelo influyen también de forma significativa 
en la presencia de los virus en los ecosistemas edáficos (Williamson et al. 2005). Aunque 
todavía se conoce poco de la diversidad de este grupo en suelos, sobre todo si se 
compara con los estudios en ecosistemas acuáticos (Srinivasiah et al. 2008; Zablocki et 
al. 2014), su importante función como reguladores de las poblaciones de 
microorganismos, a los que infectan y destruyen en la fase lítica de la infección, hacen 
de su estudio una pieza clave para entender las dinámicas poblacionales y determinados 
procesos metabólicos microbianos (Thingstad y Lignell 1997; Kim et al. 2008; Pointing y 
Belnap 2012; Koskella y Brockhurst 2014). 
Las bacterias son considerados los microorganismos más abundantes y diversos 
del suelo, con hasta 109 células y entre 103 y 106 especies por gramo (Buckley y Schmidt 
2002; Torsvik et al. 2002; Gans et al. 2005; Tringe et al. 2005). En la actualidad existen 
más de 30 filos descritos, según los diferentes volúmenes de la segunda edición del 
“Bergey’s manual of systematic bacteriology” (Garrity et al. 2001; Vos et al. 2009; Krieg 
et al. 2010; Whitman et al. 2012). Las bacterias son microorganismos procariotas de 
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pequeño tamaño, con una pared celular compuesta de peptidoglicano en la mayoría 
grupos. Se diferencia entre bacterias Gram positivas o Gram negativas según la 
estructura de las paredes celulares (i.e. morfología y composición química, etc.), tal 
como revela la tinción diferencial de la pared denominada “Tinción de Gram”, 
desarrollada por el bacteriólogo danés Christian Gram en 1884 (Woese et al. 1990; van 
Heijenoort 2001; Young 2006; Madigan et al. 2008). Los grupos bacterianos muestran 
una gran diversidad de morfologías celulares que van desde cocos o bacilos, hasta 
vibrios y espirilos, pudiendo mostrar o no estructuras de motilidad celular como cilios 
y/o flagelos. Sin embargo, en la actualidad, los criterios de clasificación de especies se 
basan principalmente en similitudes de entre el 97 y el 98.7% de la secuencia del gen de 
la subunidad 16S del ADNr más que en su morfología (Chun y Rainey 2014; Thompson 
et al. 2015; Rosselló-Mora y Amann 2015).  
Las bacterias presentes en el suelo son capaces de llevar a cabo rutas 
metabólicas autótrofas y heterótrofas. En el suelo, existe una gran diversidad de 
compuestos que pueden actuar como donadores de electrones, permitiendo el 
desarrollo de bacterias, tanto litótrofas, como organótrofas (Bardy et al. 2003; Young 
2006; Madigan et al. 2008; Paul 2014). Estas bacterias del suelo pueden encontrarse 
como organismos de vida libre o estar asociadas a otros seres vivos, ya sea de forma 
parasítica o simbiótica (Rao et al. 1999; Atlas y Bartha 2002; Barea et al. 2005; van der 
Heijden et al. 2008; Hayat et al. 2010). Fierer et al. (2007a) diferenció dos grupos en las 
bacterias del suelo según sus características ecológicas, bacterias copiótrofas y bacterias 
oligótrofas. Los grupos copiótrofos consumen preferentemente compuestos lábiles de 
carbono, presentando altos requerimientos nutricionales y elevadas tasas de 
reproducción, localizadas en zonas con alta disponibilidad de recursos. Por otro lado, las 
bacterias oligótrofas presentan una alta afinidad hacia sustratos muy específicos, con 
tasas de reproducción más lentas, y pudiendo desarrollarse de manera más efectiva que 
las copiótrofas en zonas con baja disponibilidad de nutrientes (McCaig et al. 1999; 
Marilley y Aragno 1999; Axelrood et al. 2002; Padmanabhan et al. 2003; Fierer et al. 
2010).  
El dominio Archaea, establecido inicialmente por Woese et al. (1990), está 
compuesto por microorganismos procariotas menos abundantes que las bacterias en la 
mayoría de los suelos (Auguet et al. 2010), mostrando también una gran variedad de 
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formas celulares y un tamaño muy similar a las bacterias (Young 2006; Albers y Meyer 
2011; Duggin et al. 2015). Las arqueas se diferencian de las bacterias por la ausencia de 
peptidoglicano en su pared (Albers y Meyer 2011; Koonin y Mulkidjania 2013; Klingl 
2014). Poseen, además, determinados genes y rutas metabólicas más similares a los 
presentes en organismos eucariotas que a los propios de las bacterias (Woese et al 1990; 
Olsen y Woese 1997; Bernander 2000; Albers y Meyer 2011; Spang et al. 2015). 
Actualmente, las arqueas se agrupan en un total de 13 phyla, con una mayoría de clases 
incluidas dentro de Euryarchaeota (Garrity et al. 2001; Chun y Rainey 2014; Rosselló-
Mora 2015; Spang et al. 2015; Zao et al. 2014). Se ha descrito la presencia de arqueas 
en una gran diversidad de ecosistemas, tanto acuáticos como terrestres (e.g. DeLong 
1992; Schleper et al. 1997; Ehrhadt et al. 2007; Pointing et al. 2009; Ventosa et al. 2015), 
más allá de los ecosistemas extremos de los que en un primer momento se las creía 
exclusivas (Canfield y Raiswell 1999; Auguet et al. 2010), incluyendo áreas de glaciares 
en retroceso (Nicol et al. 2006), donde llevan a cabo importantes actividades 
relacionadas con la movilización de compuestos nitrogenados, con el ciclo del metano y 
con el del azufre, entre otros metabolismos (Canfield y Raiswell 1999; Canfield et al. 
2000; Lueders y Friedrich 2000; Nicol et al. 2006; Prosser y Nicol 2008; Offre et al. 2013). 
Especial interés en suelos ha suscitado el grupo Crenarchaeota, debido a su gran 
abundancia, llegando a representar más del 70% de las secuencias de arqueas analizadas 
(Ochsenreiter et al. 2003; Auguet et al. 2010; Bates et al. 2011). La disponibilidad de 
carbono y nitrógeno, junto con el pH del suelo, han sido descritos como los factores 
principales que influyen en la diversidad, tanto filogenética como metabólica, de las 
arqueas en el suelo (Bates et al. 2011; Andrew et al. 2012; Offre et al. 2013).  
Los hongos constituyen los organismos eucariotas de mayor biomasa en el suelo 
(Joergensen y Wichern 2008; Baldrian et al. 2012, 2013; Žifcáková et al. 2016), 
especialmente en áreas boscosas. En estas áreas, en capas superficiales del suelo, se han 
estimado hasta un máximo de 2000 especies por gramo, valor que varía según si la 
técnica de diferenciación entre especies se basa en el estudio de la morfología, en el 
cultivo de los propios hongos, o en el uso de técnicas basadas en diferentes porcentajes 
de similitud entre secuencias de genes marcadores (O’Brien et al. 2005ab; Buée et al. 
2009; Osono y Trofymow 2012; Baldrian et al. 2013; Žifcáková et al. 2016). Los hongos 
constituyen un linaje monofilético compuesto por organismos quimiorganótrofos, 
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carentes en su mayoría de flagelos, que presentan una pared celular compuesta 
fundamentalmente por quitina y quitosano (Free 2013) y el desarrollo de un talo 
haploide (Blackwell 2011; van der Wal et al. 2013). Pese a ser un grupo de organismos 
algo menos diverso que las bacterias, consta de aproximadamente 100000 especies 
descritas, aunque se estima que el número total puede rondar entre los 0,8 y 5,1 
millones, agrupadas en 8 phyla (Blackwell 2011; Hibbett y Taylor 2013; Tedersoo et al. 
2014; Hibbett 2016). Los dos grupos de hongos mayoritariamente presentes en suelos 
son Ascomycota (más de 64000 especies, las cuales incluyen el mayor número de 
levaduras conocidas) y Basidiomycota (más de 32000, incluyendo la gran mayoría de los 
formadores de micorrizas) (Kirk et al. 2004; van der Wal et al. 2013). Pese a esta 
diferencia de diversidad entre Ascomycota y Basidiomycota, según el estudio a escala 
global de Tedersoo et al. (2014), aproximadamente el 50% del número de secuencias 
asignadas a grandes grupos taxonómicos de hongos en todo el mundo correspondían a 
los Agaricomycetes (Basidiomycota). La saprotrofía, metabolismos relacionados con la 
movilización de compuestos de carbono y nitrógeno provenientes de la degradación de 
materia orgánica, parecen ser las rutas metabólicas más comunes en los hongos del 
suelo (Buée et al. 2009; Damon et al. 2010; Garrett 2013; van der Wal et al. 2013; 
Žifcáková et al. 2016). También son abundantes aquellos que establecen relaciones 
simbióticas con otros organismos, como los formadores de líquenes (relaciones con 
algas y/o cianobacterias, Feuerer y Hawksworth 2007; Lutzoni y Miadlikowska 2009) o 
los formadores de micorrizas (asociación con plantas vasculares, Oehl et al. 2011; 
Tedersoo et al. 2014; Thonar et al. 2012). Al igual que para las bacterias, además de las 
condiciones climáticas, el desarrollo de los hongos en suelos está determinado por otros 
factores como el pool regional de especies de plantas (i.e. diversidad y abundancia de 
las mismas, las características morfológicas y capacidades secretoras de sus sistemas 
radiculares, etc.), o las propiedades fisicoquímicas del suelo como el pH o la 
concentración de nutrientes tales como carbono, nitrógeno o calcio (Rousk et al. 2010; 
van der Putten et al. 2010; Tedersoo et al. 2014). 
Las algas son un grupo de eucariotas polifilético y heterogéneo caracterizado por 
su capacidad de realizar la fotosíntesis, pudiendo presentarse como formas unicelulares 
o pluricelulares (Lund 1967; Nabors 2004; Rasran 2004; Lee 2008). El suelo es el sistema 
no acuático más importante para las algas, siendo más abundantes y diversas cuanto 
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mayor sea el contenido hídrico del mismo (Hoffman 1989; Rasran 2004; Zancan et al. 
2006; Lee 2008; Wilkinson et al. 2012). Estas algas pueden llegar a encontrarse en 
concentraciones de hasta 108 células por gramo del suelo (Lee 2008), concentrándose 
principalmente en los milímetros más superficiales del mismo (Atlas y Bartha 2002; 
Zancan et al. 2006). En zonas más profundas se encuentran mayoritariamente aquellos 
grupos de algas capaces de llevar a cabo un metabolismo mixotróficos, (i.e. heterótrofo 
facultativo, Rasran 2004; Selosse y Roy 2009; Otto et al. 2010; Figueroa-Martínez et al. 
2015). Taxonómicamente, las algas se agrupan en 14 phyla, clasificados a su vez un total 
de 53 clases, compuestas por más de 70000 especies, números que varían 
enormemente según el método utilizado para describir las poblaciones estudiadas 
(Guiry 2012). El phylum Chlorophyta es el grupo de algas del suelo cuya biología y 
diversidad han sido más estudiadas (Zancan 2006; Karsten y Holzinger 2014; Wilkinson 
et al. 2015). Este grupo es común en ecosistemas terrestres de ambientes extremos 
tales como desiertos (fríos y cálidos) o hábitats hipersalinos (Lewis y Lewis 2005; Schmidt 
et al. 2011). Algunos grupos son capaces de vivir de manera simbiótica, destacando los 
fotobiontes de los líquenes (Graham y Wilcox 2000; Lewis y McCourt 2004; Friedl y 
Bhattacharya 2002). Otros phyla de algas capaces de desarrollarse en suelos son 
Rhodophyta (algas rojas), capaces de captar luz a mayores profundidades edáficas que 
otras algas y de desarrollarse en ecosistemas extremos (Graham y Wilcox 2000; Yoon et 
al. 2006), y Ochrophyta (o Heterokontophyta) que agrupa las algas pardas, las 
Bacillariophyceae (diatomeas) y las Xanthopphyceae, grupos que tienen una importante 
presencia en el medio edáfico (Trzcińska y Pawlik-Skowrońska 2008). Especial interés 
presentan las diatomeas, consideradas como el grupo más diverso de todos los 
microorganismos eucariotas presentes en el suelo (Vanormelingen et al. 2007; Heger et 
al. 2012). Las diatomeas son consideradas organismos cruciales en la colonización 
pionera de suelos desnudos, así como en procesos de sucesión primaria y secundaria, 
gracias a sus capacidades de introducción de carbono y nitrógeno mediante fotosíntesis 
y otras actividades de meteorización biológica (Starks et al. 1981; Lukesova 2001; 
Karsten y Holzinger 2014; Rahmonov et al. 2015).  
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A.2.3 Actividades metabólicas de los microorganismos del suelo 
Los comunidades microbianas del suelo presentan la mayor diversidad 
metabólica de cuantos ecosistemas se han estudiado hasta la fecha (Wardle et al. 2004). 
Arqueas, bacterias, hongos y algas participan, a través de su metabolismo, en los ciclos 
de nutrientes del suelo, teniendo de esta manera un papel relevante en la sucesión 
ecológica (Schulz et al. 2013; Bradley et al. 2014; Ciccazzo et al. 2015). 
 
A.2.3.1 Ciclo del carbono 
En el ciclo del carbono en suelos participan, tanto microorganismos capaces de 
incorporarlo al suelo por fijación (autótrofos), como aquellos capaces de movilizarlo por 
degradación de los compuestos presentes en el medio (heterótrofos).  
 
 
 
Los microorganismos fotótrofos, principalmente algas y cianobacterias, 
participan (junto con las plantas) de la fijación de CO2 atmosférico mediante la 
fotosíntesis, situándose este proceso en el centro del ciclo (Fig. A.4, Nemergut et al. 
2007; Yergeau et al. 2007; Brankatschk et al. 2011; Bradley et al. 2014). Además, los 
microorganismos con metabolismos quimiolitótrofos fijan también carbono (en forma 
Fig. A.4. Principales actividades (en gris) y compuestos movilizados (en negro) por las 
comunidades microbianas del suelo dentro del ciclo del carbono.  
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de CO), obteniendo la energía, por su parte, mediante oxidación de compuestos 
inorgánicos (Tolli y King 2005). El carbono fijado es incorporado a la materia orgánica, la 
cual es susceptible de ser posteriormente degradada también por acción microbiana, 
principalmente por bacterias heterótrofas y hongos (Brankatschk et al. 2011; 
Esperschütz et al. 2011; Tedersoo et al, 2014; Paul et al, 2014). Estos microorganismos 
heterótrofos son capaces de degradar compuestos orgánicos de muy diferente 
naturaleza, tanto lábiles como recalcitrantes, ricos en carbono y nitrógeno (Brankatschk 
et al. 2011, 2013; Hahn et al. 2013). El tipo de compuestos orgánicos acumulados en los 
suelos, susceptibles de ser degradados por microorganismos, está influido en gran 
manera por una serie de variables correlacionadas, como pueden ser el contenido en 
nutrientes que presente el suelo o la presencia y el tipo de vegetación existente en la 
zona (Ohtonen et al. 1999; Jumpponen et al. 2003; Fierer et al. 2007ab; Guelland et al. 
2013; Hahn et al. 2013; Bradley et al. 2014; Brown y Jumpponen 2014; Tedersoo et al. 
2014). A través de estas actividades degradativas se produce una pérdida de carbono en 
estado de gas desde el sistema, mediante procesos que van desde la respiración aerobia, 
en forma de CO2, hasta la metanogénesis, en forma de CH4, resultado de un 
metabolismo anaerobio (Ekschmitt et al. 2008; Yiqi y Zhou 2010; Nauer et al. 2012; 
Aronson et al. 2013; Yue et al. 2015). Mientras que la producción de CO2 mediante 
respiración está taxonómicamente muy extendida entre la microbiota edáfica 
(Schlesinger y Andrews 2000; Curiel Yuste et al. 2007; Yergueau et al. 2007; Allison et al. 
2010; Yiqi y Zhou 2010; Paul 2014), el metabolismo metanogénico está sólo limitado a 
algunos grupos de bacterias y arqueas, produciéndose en condiciones anaerobias 
(Murrel y Jetten 2009). En los ecosistemas edáficos, solo una pequeña fracción del 
carbono es emitido a la atmósfera en forma de CH4, ya que una gran parte de este 
compuesto es transformado a CO2 gracias a las actividades de las bacterias oxidadoras 
de metano, presentes en zonas de transición entre microambientes anaerobios y la 
atmósfera (Fig. A.4, De Vischer et al. 2004; Jia y Conrad 2009). 
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A.2.3.2 Ciclo del nitrógeno 
Las actividades microbianas en suelos tienen una gran importancia dentro del 
ciclo del nitrógeno, presentando un alto número de genes diferentes implicados en 
diversas rutas metabólicas (Fig. A.5).  
 
 
Determinados grupos de microorganismos, principalmente cianobacterias y 
proteobacterias, son capaces de fijar el nitrógeno atmosférico mediante la reducción 
del N2 a amonio, NH4
+. Otros son capaces de liberar nitrógeno a través de la degradación 
Fig. A.5. Principales actividades (en gris) y compuestos movilizados (en negro) por las 
comunidades microbianas del suelo dentro del ciclo del nitrógeno. Los genes 
implicados en cada una de las rutas metabólicas del ciclo aparecen en rojo. En sentido 
horario: nifH, fijación de nitrógeno atmosférico; gdh, asimilación de amonio; ureC, 
amonificación; amoA-AOA, hao, nitrificación; nor, oxidación de nitrito; narG, 
nirS/nirK, norB, nosZ, desnitrificación; nasA, nir, reducción asimilatoria de nitrógeno; 
napA, nrfA, reducción desasimilatoria de nitrógeno; hzo, anammox. Modificado de 
Zhao et al. (2014). 
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de compuestos orgánicos del suelo ricos en compuestos nitrogenados. Ambos procesos 
son clave para el funcionamiento de los ecosistemas edáficos, al ser los responsables 
mayoritarios de la introducción de nitrógeno en las etapas iniciales y transicionales del 
mismo (Miniaci et al. 2007; Kemmitt et al. 2008; Brankatschk et al. 2011; Ollivier et al. 
2011; Ramirez et al. 2012; Arróniz-Crespo et al. 2014; Bradley et al. 2014). El NH4
+  que 
resulta de ambas rutas metabólicas puede ser asimilado directamente por los seres 
vivos, o puede ser oxidado a formas iónicas como nitrito (NO2
−) y posteriormente nitrato 
(NO3
−) vía nitrificación, proceso llevado a cabo mayoritariamente por bacterias 
nitrificantes quimiolitoautótrofas (Hodson et al. 2008; Ollivier et al. 2011; Levy-Booth 
2014; Yu et al. 2014; Ligi et al. 2015). Este NO2
− generado puede también seguir procesos 
de desnitrificación, reduciéndose a óxido nítrico (NO), el cual es posteriormente 
reducido a óxido nitroso (N2O), generándose tras ello nitrógeno molecular (N2). Ambos 
gases suelen difundir del ecosistema edáfico a la atmósfera (Brankatschk et al. 2011; 
Ollivier et al. 2011; Levy-Booth et al. 2014; Ligi et al. 2015). Existen diversos grupos 
taxonómicos con capacidad de llevar a cabo procesos de desnitrificación, tanto de 
bacterias heterotróficas o autotróficas (ambos grupos descritos desde estudios muy 
iniciales, Baalsrud y Baalsrud 1954; Carlson y Ingraham 1983), como de arqueas 
(descritas más recientemente, Cabello et al. 2004; Bartossek et al. 2010) o incluso de 
hongos ascomicotas y basidiomicotas (Bollag y Tung 1972; Shoun et al. 1992). Por otro 
lado, tanto el NO2
− como el NO3
− pueden actuar como aceptores finales de electrones 
en ausencia de oxígeno, en un proceso llamado reducción desasimilatoria, cuyas rutas 
metabólicas están principalmente relacionadas con bacterias anaerobias facultativas 
(Jetten 2008; Zhao et al. 2014; Yue et al. 2015). Un gran número de organismos de 
diversos grupos (principalmente bacterias, pero también muchas especies de hongos y 
algas) pueden, por el contrario, incorporar el nitrato en un proceso denominado 
reducción asimilatoria, metabolismo cuya activación está regulada por la cantidad de 
amonio extracelular existente en el medio (Atlas y Bartha 2002; Zhao et al. 2014). 
Además de por fijación atmosférica, el amonio puede generarse gracias a la actividad de 
un amplio rango de microorganismos que descomponen la materia orgánica, viva o 
muerta, a través del proceso denominado amonificación (Philippot y Germon 2005; 
Robertson y Groffman 2014). En contraste a la gran diversidad de organismos 
nitrificantes, desnitrificantes o amonificadores, solo un reducido grupo de bacterias y 
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arqueas son capaces de llevar a cabo la oxidación anaerobia de amonio o ‘anammox’, 
metabolismo que provoca la pérdida de nitrógeno del medio edáfico al transformar 
nitrito y amonio a N2, el cual puede difundir a la atmósfera (Harhangi et al. 2012; Wang 
et al. 2014).  
 
A.2.3.3 Otras actividades microbianas 
Las comunidades microbianas tienen mecanismos de control que pueden influir 
en su dinámica y desarrollo (Shank y Kolter 2009; Hibbing et al. 2010; Monier et al. 2011; 
Wei et al. 2015b), los cuales pueden encontrarse también afectando a los procesos de 
sucesión. Estos microorganismos producen antibióticos, compuestos de diferente 
naturaleza utilizados en algunos casos como mecanismos de señalización o, 
mayoritariamente, como sistemas de defensa y control (Keller y Surette 2006; Hoffmann 
et al. 2007; Yim et al. 2007; Fierer y Lennon 2011). Los antibióticos pueden generarse en 
situaciones de competencia por recursos y/o espacio (Sigler y Zeyer 2004), producidos 
para inhibir el crecimiento y actividad de otros grupos competidores (Hibbing et al. 
2010), o para promover actividades cooperativas, incluyendo cambios en determinadas 
rutas metabólicas (Goh et al. 2002; Price-Whelan et al. 2006; Hense et al. 2007). 
Además, algunos compuestos antibióticos están implicados en respuestas de defensa 
frente a patógenos (Hibbing et al., 2010; Chan et al., 2013; Koskella and Breitbart, 2014). 
Por todo ello, la presencia, tanto de estos compuestos en suelos, como la detección de 
genes microbianos implicados en su producción o en la respuesta a los mismos, denota 
la existencia de relaciones bióticas interespecíficas en las comunidades microbianas 
edáficas (Hibbing et al., 2009; Segawa et al. 2013; Wei et al. 2015b). 
 
 
A.3 Glaciares en retroceso  
A.3.1 Distribución y dinámica actual de los glaciares terrestres 
Pese a que el número total de glaciares existentes fluctúa entre publicaciones, 
en la actualidad se acepta que este valor es de aproximadamente 198000, distribuidos 
en un total de 19 regiones (Fig. A.6, Pfeffer et al. 2014; Field et al. 2014). Quince de estas 
regiones se encuentran en el Hemisferio Norte y solo cuatro en el Hemisferio Sur (Fig. 
A.6). La desigual distribución del número de áreas glaciares ha hecho que la mayoría de 
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los estudios de sucesión en suelos centrados en estas zonas se haya llevado a cabo en el 
Hemisferio Norte (entre otros, Chapin 1994; Sigler y Zeyer 2002; Wardle y del Moral 
2004; Bradley et al. 2014; Brown y Jumpponen 2014), pese a que las zonas con más 
superficie cubierta por el hielo (aproximadamente 132900 km2 de extensión actual) sean 
la Antártida y la región Subantártica (Bliss et al. 2013; Pfeffer et al. 2014). Dentro de esta 
última, es la región situada en el extremo sur de Sudamérica (número 17 en Fig. A.6) la 
que presenta un mayor número de zonas glaciares y de superficie cubierta por hielo 
glaciar (Holmlund y Fuenzalida 1995; Warren y Aniya 1999; Strelin et al. 2008; Masiokas 
et al. 2009; López et al. 2010; Mouginot y Rignot 2015). 
 
 
En términos generales, los valores actuales de número de glaciares y de 
superficie total ocupada son menores que los estimados para épocas anteriores, incluso 
para las zonas subantárticas (Rignot et al. 2003; Rivera et al. 2007; Willis et al. 2012; 
Abdel Jaber et al. 2014), disminución que viene produciéndose desde mediados del siglo 
Fig. A.6. Distribución de las regiones glaciares de primer orden según el RGI 
(recuadradas). Los glaciares se representan en rojo. Modificado de Pfeffer et al. 
(2014).  
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XIX, coincidiendo con el final del periodo denominado Pequeña Edad del Hielo y el 
comienzo de la Revolución Industrial (Leclercq et al. 2011; Koch 2015; Zemp et al. 2015). 
La combinación de factores naturales y antropogénicos es considerada la causa principal 
de esta pérdida de masa de hielo (Marzeion et al. 2014). La influencia antrópica sobre 
este proceso ha aumentado considerablemente durante las últimas décadas debido al 
continuo aumento de la tasa de emisiones de gases de efecto invernadero, conllevando 
un aumento general de temperatura y la consiguiente aceleración en la pérdida de hielo 
(Marzeion et al. 2014; Field et al. 2014; Zemp et al. 2015). Sin embargo, las variaciones 
negativas de extensión y volumen de hielo, observadas en los últimos años en zonas 
glaciares de todo el planeta (Field et al. 2014; Zemp et al. 2015), son en realidad 
consecuencia de cambios climáticos ocurridos hace décadas, debido a que las masas de 
hielo glaciar necesitan, en general, grandes periodos de tiempo para reflejar cambios 
ocurridos anteriormente en las condiciones climáticas de la zona donde éstas se 
encuentren localizadas (Marzeion et al. 2014). Este hecho invita a pensar que el 
calentamiento global acelerado que está teniendo lugar en la actualidad (Field et al. 
2014) va a generar procesos de retroceso glaciar mucho más acusados en el futuro 
cercano.  
 
 
A.3.2 Estudios de sucesión primaria en cronosecuencias establecidas en el retroceso 
del glaciar  
En zonas de glaciares en retroceso, la retirada de la capa de hielo expone de novo 
superficies terrestres que han estado cubiertas durante periodos prolongados de 
tiempo, las cuales presentan sustratos de tipología heterogénea (e.g. depósitos de 
arenas, materiales rocosos expuestos, superficies de erosión, llanuras aluviales o incluso 
lodos, etc.) (Lazzaro et al. 2010; Bradley et al. 2014; Rydgren et al. 2014; Ciccazzo et al. 
2015). Estos sustratos quedan así accesibles para una posible colonización microbiana, 
iniciándose entonces un proceso de sucesión primaria (Grubb 1986; Schulz et al. 2013; 
Bradley et al. 2014; Rydgren et al. 2014). Tras una colonización inicial, llevada a cabo 
generalmente por microorganismos psicrófilos que pueden estar presentes 
previamente bajo la capa de hielo o han podido llegar a la zona arrastrados por el agua 
de escorrentía proveniente de la misma o por deposición eólica (Fierer et al. 2010; 
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Lazzaro et al. 2010; Frey et al. 2013), se inicia la sucesión, la cual conlleva variaciones en 
la estructura y composición de las comunidades microbianas y vegetales (Fig. A.7) 
(Bradley et al. 2014; Ciccazzo et al. 2015; Rime et al. 2015). Las zonas más cercanas al 
frente glaciar son las que llevan menos tiempo sin estar cubiertas por el hielo y, por 
tanto, presentan un estado de desarrollo más temprano, mientras que las más alejadas 
constituyen las etapas más avanzadas de desarrollo sucesional tras un periodo más largo 
de exposición (Mathews 1992; Chapin et al. 1994; Bardgett 2000; Wardle y del Moral 
2003; Nemergut et al. 2007; Walker et al. 2010; Schulz et al. 2013; Rydgren et al. 2014). 
Esta aproximación, basada en una “sustitución de espacio por tiempo”, permite el 
establecimiento de cronosecuencias para el análisis del desarrollo temporal de un 
ecosistema sin la necesidad de realizar estudios de parcelas permanentes durante un 
periodo de tiempo prolongado (Matthews 1992; Walker et al. 2010; Dickie et al. 2013; 
Phillips 2014).  
 
 
El tiempo que llevan los terrenos glaciares sin estar cubiertos por hielo puede 
determinarse mediante diferentes metodologías. Una de ellas consiste en el estudio de 
la edad de las morrenas glaciares que estén presentes, pudiendo utilizarse para ello 
métodos de datación basados en los isótopos cosmogénicos que presenten los 
materiales estudiados o en modelos de procesos geomorfológicos (Heyman et al. 2011; 
Fig. A.7. Esquema de colonización biológica a lo largo de una cronosecuencia propio 
de una sucesión iniciada tras el retroceso de un glaciar. 
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Applegate et al. 2012; Goehring et al. 2012). Un segundo método se basa en la 
liquenometría, i.e. la estimación de la edad de una superficie geológica mediante la 
medición de la variación del diámetro de líquenes (con una tasa anual de crecimiento 
conocida) que crecen en bloques rocosos de cierto tamaño presentes en las morrenas 
(Gordon y Sharp 1983; Armstrong y Bradwell 2010). Otras metodologías ampliamente 
utilizadas son los estudios de dendrocronología, i.e. la datación de la edad de una zona 
mediante el estudio de los anillos de crecimiento de las plantas leñosas que establecidas 
en ella, útil solo para las zonas que presentan una vegetación vascular leñosa (Wiles et 
al. 2011; Schweingruber 2012; Cook y Kairiukstis 2013), así como los basados en 
imágenes de fotografía aérea de la zona estudiada (Schiefer y Gilbert 2007; Solomina et 
al. 2016). La combinación de los resultados obtenidos por más de uno de estos métodos 
permite obtener una información más precisa del tiempo de exposición del terreno 
estudiado (Evans et al. 1999; Winchester y Harrison 2000; Sancho et al. 2011; Arróniz-
Crespo et al. 2014). Además de la estimación del tiempo que llevan los terrenos sin estar 
cubiertos por el hielo, para poder interpretar correctamente estas cronosecuencias se 
requiere que las variables ambientales del área donde se establezca la cronosecuencia 
hayan permanecido relativamente constantes a lo largo del tiempo que abarca el 
estudio, permitiendo una detección menor de los procesos estocásticos que hayan 
podido producirse durante el proceso de sucesión (del Moral 2007; Johnson y Miyanishi 
2008; Sauer 2010; Walker et al. 2010; Phillips 2014).  
Utilizando el marco de la sustitución del tiempo por espacio se han analizado 
procesos de sucesión primaria tras el retroceso de glaciares, desde los primeros estudios 
sucesionales de comunidades vegetales realizados por Muir (1915) y Clements (1916, 
1928), hasta otros estudios mucho más recientes (e.g. Reiners et al. 1971; Chapin et al. 
1994; Walker y del Moral 2003; Wardle et al. 2004; Caccianiga et al. 2006; Walker et al. 
2010), como los centrados en comunidades microbianas (e.g. Ohtonen et al. 1999; Sigler 
y Zeyer 2002; Yoshitake et al. 2010; Ciccazzo et al. 2015). En lo referente a la sucesión 
de comunidades microbianas, estos estudios han abarcado tanto las variaciones 
taxonómicas que presenta un grupo de microorganismos a lo largo del proceso 
sucesional (e.g. Jumpponen 2003; Nicol et al. 2006; Wu et al. 2012) o distintos grupos 
simultáneamente (e.g. Zumsteg et al. 2011; Schmidt et al. 2014), como los procesos de 
ensamblaje de las diferentes comunidades microbianas de un medio (e.g. Dini-Andreote 
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et al. 2015; Nemergut et al. 2015), o las variaciones de las mismas en relación a la 
evolución de las comunidades vegetales (e.g. Nara 2006; Blaalid et al. 2012; Knelman et 
al. 2012; Brown y Jumpponen, 2014). Otros trabajos se han centrado más en las 
variaciones de las actividades que presentan estas comunidades microbianas a lo largo 
de la sucesión (e.g. Kandeler et al. 2006; Anesio y Laybourn-Parry 2012; Bradley et al. 
2014), o han comparado, tanto las variaciones taxonómicas, como metabólicas, entre 
dos terrenos glaciares cercanos (e.g. Sigler y Zeyer 2002; Tscherko et al. 2003; Foght et 
al. 2004; Skidmore et al. 2005; Philippot et al. 2011; Bajerski y Wagner 2013). Además 
de la aproximación mediante una cronosecuencia, la mayoría de los estudios centrados 
en retroceso de glaciares desarrollados en la última década comparten también el haber 
utilizado metodologías independientes de cultivo, con una incidencia especial de las 
técnicas metagenómicas en la última década (Bradley et al. 2014; Ciccazzo et al. 2015).  
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B. ZONA DE ESTUDIO 
 La zona de estudio seleccionada para la realización de esta tesis se localiza en 
Tierra del Fuego (XII Región de Chile) (Fig. B.1), concretamente las áreas estudiadas con 
glaciares en retroceso se hayan situadas en la Cordillera Darwin, la cual ha estado 
cubierta recientemente por hielos glaciares (Masiokas et al. 2009ab). Los estudios 
fueron realizados sobre muestras de suelo recogidas en dos zonas con evidencia de 
retroceso glaciar reciente, situadas en la vertiente norte y sur de la Cordillera Darwin, 
en una expedición que tuvo lugar en diciembre de 2009. En esta expedición se 
recogieron también ejemplares de la especie herbácea Gunnera magellanica en 
diferentes puntos situado la región de Tierra del Fuego, complementados con muestras 
recogidas en una campaña de muestreo realizada en enero de 2011.  
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La Cordillera Darwin es una cadena montañosa que presenta altitudes máximas 
de c. 2500 metros sobre el nivel del mar y que recorre el área de Tierra del Fuego de 
este a oeste, región que, por el hecho de ser un área remota y estar poco habitada, no 
ha sufrido acciones antrópicas directas (Koppes et al. 2009; Thébault et al. 2014). El área 
que ocupa esta cordillera se encuentra limitada al norte por el Seno del Almirantazgo y 
al sur por el Canal del Beagle (Fig. B.1). El 80% de su superficie está cubierta por hielo, 
con numerosos glaciares de ladera presentes en las dos vertientes de la cordillera (Fig. 
B.2, Masiokas et al. 2009a). Estos terrenos helados, incluidos en el llamado Campo de 
Hielo de la Cordillera Darwin, ocupan una extensión aproximada de 2605 km2, según 
mediciones realizadas a lo largo de la última década, lo que los convierte en la tercera 
región glaciar en superficie de las situadas en zonas de climas templados del Hemisferio 
Sur (Melkonian et al. 2013). Sin embargo, la extensión cubierta por el hielo glaciar en la 
Cordillera Darwin se está viendo reducida desde la Pequeña Edad de Hielo (1750-1850 
d.C.), especialmente en las últimas décadas, al igual que en las dos áreas glaciares más 
próximas, los llamados Campos de Hielo Patagónicos Norte y Sur (Rivera et al. 2007; 
Masiokas et al. 2009ab; López et al. 2010; Davies y Glasser 2012; Willis et al. 2012; 
Melkonian et al. 2013). Este retroceso glaciar ha sido provocado por progresivos 
cambios climáticos, como el descenso en las precipitaciones producido durante el siglo 
XX (Quintana 2004; Masiokas et al. 2009a) y el aumento de la temperatura en la zona, 
especialmente desde la última década de este pasado siglo (Holmlund y Fuenzalida 
1995; López et al. 2010; Masiokas et al. 2009ab).  
 
 
 
Fig. B.1. Mapa de la zona de estudio, localizada en la región chilena de Tierra del 
Fuego (XII Región). Los terrenos de glaciares estudiados (Glaciar Pía, Glaciar Parry) 
aparecen marcados con un asterisco, mientras que las zonas donde fueron recogidos 
los ejemplares de Gunnera magellanica aparecen detallados en el capítulo 3 de la 
presente tesis doctoral. Mapa modificado desde GeoMapApp GMRT (Ryan et al. 
2009, http://www.geomapapp.org/). 
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Fig. B.2. Glaciar de ladera localizado en la vertiente norte de la Cordillera Darwin 
(Glaciar Parry). A) Frente glaciar y primeras etapas de la sucesión. B) Terreno 
totalmente deglaciado (etapas posteriores de sucesión). Fotografías tomadas en 
diciembre de 2009 por Sergio Pérez-Ortega.  
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El clima en Tierra del Fuego está caracterizado por la existencia de vientos 
huracanados, provenientes mayoritariamente del oeste, y de vientos fríos, provenientes 
principalmente del sur, consecuencia de las marcadas diferencias de presión 
atmosférica existentes entre las regiones situadas en las latitudes medias del Hemisferio 
Sur y la Antártida (Oscilación Climática Antártica, ‘AAO’ en inglés, van Bellen et al. 2015). 
La región presenta una temperatura media con escasa variación entre zonas (4,5° C en 
la zona más al sur y 5,9° C en Punta Arenas, unos 200 km al norte) y con muy pocas 
fluctuaciones a lo largo del año (Santana et al. 2006), habiendo sido incluida por todo lo 
anterior en la unidad climática subantártica (Morrone 2000; Luebert y Plicoff 2006; Rozzi 
et al. 2008). Las condiciones atmosféricas, combinadas con la disposición este-oeste de 
la Cordillera Darwin, los característicos relieves de la misma y la gran influencia del 
Océano Pacífico generan un marcado efecto orográfico que da origen a una densa y 
persistente capa de nubes en las áreas de la región de estudio con orientación suroeste 
(Holmlund y Fuenzalida 1995; Strelin e Iturraspe 2007; Koppes et al, 2009; López et al, 
2010). Esta combinación de factores provoca, a su vez, un marcado gradiente 
climatológico a lo largo de la Cordillera Darwin, especialmente significativo en lo 
referente a valores de precipitación. El volumen de estas precipitaciones es creciente 
desde la costa del Océano Atlántico hacia la del Océano Pacífico (con una diferencia de 
aproximadamente 3500 mm de precipitaciones anuales entre los puntos más al este y 
más al oeste de los estudiados en esta tesis), presentando además una diferencia de 
aproximadamente el doble entre la vertiente norte (c. 800 mm anuales) y la sur (c. 
1600mm anales) de la Cordillera Darwin (Holmlund y Fuenzalida 1995; Koppes et al. 
2009). 
La roca madre en esta zona está formada por granito monolítico sin fracturar, 
por lo que los suelos no albergan fragmentos minerales macroscópicos provenientes de 
la misma, presentando un límite bien definido entre los horizontes más profundos y el 
lecho de roca, el cual se encuentra a una profundidad de entre unos pocos centímetros 
en las zonas de suelo desnudo y hasta 60 cm en zonas boscosas (Thébault et al. 2014). 
La vegetación se enmarca dentro de un bioclima antiboreal hiperoceánico, el cuál 
presenta ombrotipos húmedos e hiperhúmedos (Luebert y Plicoff 2006). En las zonas 
recientemente deglaciadas, los terrenos se caracterizan por una abundante presencia 
de líquenes y briófitos (Sancho et al. 2011; Arróniz-Crespo et al. 2014) y por la temprana 
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colonización por parte de ejemplares de G. magellanica, tras la cual el ecosistema 
avanza hacia fases arbustivas, caracterizadas por la presencia de Empetrum rubrum y 
Gaulteria mucronata, hasta fases boscosas dominadas por ejemplares maduros de 
diferentes especies de árboles del género Nothofagus, especialmente N. betuloides 
(cohigue) y N. pumilio (lenga) con presencia de N. antarctica (ñirre) y Drimys winteri 
(canelo) (Fig. B.3, Sancho et al. 2011; Thébault et al. 2014).  
 
 
 
El desarrollo de las comunidades vegetales y la formación de los bosques de 
Nothofagus es diferente en las dos vertientes de la Cordillera Darwin, siendo este 
proceso más rápido en la vertiente sur de la cadena montañosa (Sancho et al, 2011; 
Arróniz-Crespo et al, 2014) (Fig.B.4). En ambas vertientes, la colonización vegetal se 
inicia con plantas herbáceas, generalmente de la especie Gunnera magellanica, tras 
aproximadamente 7 años en la vertiente sur y tras 20 en la vertiente norte (Fig. B.4). La 
colonización arbustiva empieza tras algo más de 10 años en la vertiente sur y más de 26 
en la norte, mientas que el desarrollo de los bosques se inicia tras 19 años de exposición 
del suelo en la vertiente sur y casi 66 en la norte (Fig. B.4). 
 
Fig. B.3. Distintas fases de colonización vegetal en terrenos de retroceso glaciar en 
Tierra del Fuego. A) Colonización liquénica y por Gunnera magellanica (asterisco), 
característica de etapas iniciales de la sucesión. B) Colonización arbustiva, junto con 
ejemplares jóvenes de Nothofagus (asterisco), característica de etapas intermedias 
de la sucesión. C) Fase boscosa de colonización vegetal, característica de etapas 
avanzadas de la sucesión. Fotografías tomadas en diciembre de 2009 por Sergio 
Pérez-Ortega. 
* 
* 
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Fig. B.4. Esquema de las cronosecuencias de colonización en terrenos de retroceso 
glaciar en Tierra del Fuego. A) Cronosecuencia de la sucesión en el Glaciar Pía 
(vertiente sur de la Cordillera Darwin). B) Cronosecuencia de la sucesión en el Glaciar 
Parry (vertiente norte de la Cordillera Darwin). 
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C. OBJETIVOS Y ESTRUCTURA DE LA TESIS 
 
El objetivo general de la presente tesis doctoral es el estudio de la colonización 
microbiana en suelos descubiertos tras el retroceso de glaciares en Tierra del Fuego y la 
caracterización de la sucesión primaria asociada en estas áreas.  
Para lograr este objetivo general se propusieron los siguientes objetivos 
específicos.  
- Caracterización de la diversidad taxonómica y funcional de las comunidades 
microbianas en distintas etapas de sucesión, a lo largo de cronosecuencias 
establecidas en suelos descubiertos por el retroceso de glaciares en Tierra del 
Fuego. 
- Comparación de las dinámicas de recambio sucesional de las comunidades 
microbianas del suelo tras el retroceso de dos glaciares de Tierra del Fuego, 
situados en zonas próximas, pero que difieren en las condiciones 
macroclimáticas.  
- Descripción de la prevalencia de diferentes grupos taxonómicos en las distintas 
etapas de sucesión en áreas deglaciadas en Tierra del Fuego y de las asociaciones 
entre los mismos a lo largo de las cronosecuencias. 
- Análisis de la diversidad de microsimbiontes asociados a Gunnera magellanica, 
una planta clave en la colonización de áreas descubiertas por retroceso de 
glaciares en Tierra del Fuego. 
 
La consecución de los objetivos planteados se realizó a través de tres estudios 
complementarios, presentados como tres capítulos diferentes, que corresponden a tres 
trabajos publicados o en proceso de revisión en revistas científicas internacionales. Una 
discusión global final intenta ofrecer una visión completa de los procesos de 
colonización y sucesión de las comunidades microbianas de los suelos en glaciares en 
retroceso de la región chilena de Tierra del Fuego.  
 
 
56 | Objetivos 
 
 
Capítulo 1: Dinámicas de sucesión microbiana a lo largo de cronosecuencias 
establecidas en zonas de glaciares en retroceso de Tierra del Fuego (Chile). 
Título del artículo científico enviado: “Microbial succession dynamics along glacier 
forefield chronosequences in Tierra del Fuego (Chile)”.  
Autores del artículo científico enviado: Miguel Ángel Fernández-Martínez, Sergio Pérez-
Ortega, Stephen B. Pointing, Leopoldo G. Sancho y Asunción de los Ríos. 
Artículo enviado a la revista Polar Biology. 
 
Este primer capítulo recoge el estudio del ensamblaje de las comunidades 
microbianas del suelo (composición y recambio de especies) tras el proceso de 
colonización inicial, y a lo largo de cronosecuencias establecidas en las áreas de 
retroceso de dos glaciares de la Cordillera Darwin (Pía y Parry), con distintas dinámicas 
de sucesión vegetal y condiciones macroclimáticas. La hipótesis de partida es que a 
partir de comunidades microbianas similares en ambos glaciares al inicio de la sucesión, 
habrá una evolución diferente en cada uno de ellos, de manera similar a lo observado 
para las dinámicas sucesionales de las comunidades vegetales. Para caracterizar la 
diversidad existente en las comunidades microbianas edáficas se realizó la 
secuenciación masiva mediante pirosecuenciación 454 de fragmentos barcoding del 
ADN genómico. En concreto, para bacterias se amplificó y secuenció la región V1-V3 de 
la subunidad 16S del ADNr, para hongos las regiones 1 y 2 del espaciador interno 
transcrito (ITS) junto con el gen 5.8S de ADNr, y para algas se amplificó la región rbcL del 
gen de RuBisCO. 
 
 
Capítulo 2: Ecología funcional de las comunidades microbianas del suelo a lo largo de 
zonas de retroceso de un glaciar en Tierra del Fuego (Chile). 
Título del artículo científico enviado: “Functional ecology of soil microbial communities 
along a glacier forefield in Tierra del Fuego (Chile)”. 
Autores del artículo científico enviado: Miguel Ángel Fernández-Martínez, Stephen B. 
Pointing, Sergio Pérez-Ortega, María Arróniz-Crespo, T. G. Allan Green, Leopoldo G. 
Sancho y Asunción de los Ríos. 
Artículo enviado a la revista Frontiers in Microbiology. 
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Este segundo capítulo aborda el análisis de la estructura funcional de las 
comunidades microbianas a lo largo de la cronosecuencia establecida en los terrenos 
deglaciados del Glaciar Pía. La hipótesis inicial es que la rápida variación de la estructura 
de las comunidades microbianas y vegetales a lo largo de la cronosecuencia está 
asociada a diferencias en la estructura funcional de los microorganismos, en especial en 
actividades relacionadas con el ciclo del carbono y el nitrógeno. El análisis del potencial 
funcional de las comunidades microbianas presentes en las distintas etapas sucesionales 
se analizó con el microarray GeoChip 4.0. Está metodología está basada en la hibridación 
del ADN genómico de las comunidades microbianas, previamente extraído y marcado, 
con una colección de sondas de oligonucleótidos correspondientes a secuencias de 
distintos genes representativos de rutas metabólicas, presentes en grupos taxonómicos 
diferentes. Concretamente, en este estudio nos hemos centrado en los genes 
correspondientes a rutas metabólicas del ciclo del carbono y del nitrógeno, así como los 
genes implicados en respuestas a condiciones de stress, de resistencia a antibióticos y 
marcadores de diversidad de virus, por ser todos ellos considerados como factores muy 
importantes a la hora de estructurar las poblaciones microbianas y, por tanto, 
determinar su evolución.  
 
 
Capítulo 3: Diversidad de los Nostoc endosimbiontes de Gunnera magellanica en Tierra 
del Fuego, Chile. 
Título del artículo científico publicado: “Diversity of endosymbiotic Nostoc in Gunnera 
magellanica from Tierra del Fuego, Chile”.  
Autores del artículo científico publicado: Miguel Ángel Fernández-Martínez, Asunción 
de los Ríos, Leopoldo G. Sancho y Sergio Pérez-Ortega. 
Artículo publicado en la revista Microbial Ecology, nº 66, pp. 335-350, 2013. 
 
Este tercer capítulo presenta un estudio de la simbiosis de cianobacterias con la 
planta herbácea Gunnera magellanica, muy común en Tierra del Fuego donde actúa 
como colonizador pionero. La presencia de cianobacterias simbiontes del género Nostoc 
en los rizomas de esta planta le confiere ventajas competitivas frente a otras especies 
vegetales, especialmente en suelos con escasa disponibilidad de nutrientes. En este 
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trabajo estudiamos las relaciones filogenéticas de los microsimbiontes, así como la 
variabilidad genética de los mismos a varias escalas anidadas (i.e. individual, poblacional 
y regional), en áreas situadas al sur y al norte de la Cordillera Darwin y zonas 
recientemente deglaciadas o con procesos de sucesión secundaria. Para ello, se 
amplificaron y secuenciaron parte del gen de la subunidad 16S del ADNr, el espaciador 
interno transcrito (ITS, entre los genes 16S y 23S de ADNr) y el gen que codifica para la 
subunidad grande de la enzima RuBisCO unida a la secuencia de su promotor y a la de 
unas proteínas semejantes a chaperonas (región rbcLX) de las cianobacterias presentes 
en las células vegetales infectadas del tejido radicular de la planta. Estos resultados 
fueron objeto de análisis de la diversidad haplotípica que presentaban. Además, se 
caracterizó ultraestructuralmente estas asociaciones simbióticas mediante microscopía 
electrónica de barrido a baja temperatura (LTSEM), técnica que permite analizar 
muestras hidratadas y obtener una buena visualización de la interacción entre células 
hospedadoras y microsimbiontes y de las matrices de exopolisacáridos asociados a las 
mismas. 
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CAPÍTULOS 
 
 
 
 
 
 
 
 
 
 
 
 
“La vida solo puede ser comprendida mirando hacia atrás, pero ha de ser vivida 
mirando hacia adelante” 
Sören Aabye Kierkgaard 
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CAPÍTULO 1 
Dinámicas de sucesión microbiana a lo largo de 
cronosecuencias establecidas en zonas de glaciares en 
retroceso de Tierra del Fuego (Chile) 
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Resumen 
Este estudio examinó la sucesión primaria en comunidades de bacterias, hongos 
y algas de dos terrenos deglaciados situados en vertientes opuestas de la Cordillera 
Darwin (Tierra del Fuego, Chile). Las cronosecuencias establecidas en el suelo de las 
vertientes sur y norte han permanecido sin estar cubiertas por el hielo un número 
variable de años (entre 1 y 34 y entre 5 y 66 respectivamente), mostrando además 
factores climáticos y tasas de sucesión de plantas contrastados. Una aproximación 
mediante secuenciación masiva reveló que entre las bacterias, las cianobacterias 
dominaban los suelos más jóvenes situados cerca del frente de hielo del glaciar, 
mientras que las alfaproteobacterias y las acidobacterias incrementan su abundancia 
con la edad de la superficie del suelo. Hongos formadores de líquenes y parásitos fueron 
los grupos fúngicos más abundantes en las etapas iniciales de la sucesión, mientras que 
órdenes de hongos saprófitos y micorrícicos dominaron las etapas de sucesión más 
avanzadas. El orden Prasiolales, por su parte, dominaba las comunidades de algas 
situadas cerca del frente de hielo del glaciar, mientras que los órdenes Microthamniales 
y Chlamydomonadales dominaban las siguientes etapas de la sucesión. Nuestras 
observaciones reflejan una estructura de la comunidad que cambia con el tiempo para 
los tres grupos examinados, procesos relacionados con el recambio de taxones en ellos 
durante la sucesión. El análisis simultáneo de comunidades de bacterias, hongos y algas 
resalta las diferentes trayectorias mostradas por cada uno de los tres grupos, con 
patrones de sucesión más señalados para las comunidades bacteriana y fúngica. Se 
detectó que ambos terrenos deglaciados diferían en las dinámicas temporales, 
indicando que los factores climáticos, además de afectar a las tasas de sucesión de las 
plantas, afectan también a las tasas de recambio de las comunidades microbianas y, por 
tanto, a sus procesos de sucesión primaria. 
 
Abstract 
This study examined primary successions of bacteria, fungi and algae in two 
glacier forefields on opposite slopes of the Cordillera Darwin (Tierra del Fuego, Chile). 
Southern and northern slope soil chronosequences have been ice-free for varying 
numbers of years (1-34 and 5-66 years respectively) and show contrasting climate 
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factors and plant succession rates. A high-throughput sequencing approach revealed 
that among the bacteria, Cyanobacteria were found to dominate younger soils close to 
the glacier terminus, while abundances of Alphaproteobacteria and Acidobacteria 
increased with soil surface age. Lichen-forming and parasitic fungi were the most 
abundant fungal groups in younger succession stages, whereas saprophytic and 
mycorrhizal orders dominated later ones. The order Prasiolales dominated algal 
communities close to the glacier terminus, while Microthamniales and 
Chlamydomonadales orders dominated subsequent succession stages. Our 
observations reflect a changing community structure over time for the three microbial 
groups examined, and these were associated with replacement of taxa during the 
succession. Our simultaneous analysis of bacterial, fungal and algal communities 
highlights the different trajectories of the three groups, with more marked succession 
patterns for the bacterial and fungal communities. Different temporal dynamics were 
detected for both glacier forefields, indicating that climate factors, besides affecting 
plant succession rates, affect the rate of microbial community assembly and, 
consequently, their primary succession. 
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1.1 Introduction 
Signs of global warming have been detected in almost every region of the world, 
but perhaps the most visible indicators of the effects of climate change are the melting 
of glaciers and ice caps (Field et al. 2014). Once a glacier has retreated, previously ice-
covered soil and rocks are exposed, thus permitting new microbial colonization. 
Microbial communities that settle after ice retreat may be formed by psychrophilic or 
psychrotolerant microorganisms present in subglacial sediments or ice sheets and those 
that colonize the soil just after its exposure (Foght et al. 2004; Hodson et al. 2008; 
Takeuchi 2011). This initial colonization plays an important role in primary succession, 
as it enables later colonization by other microorganisms, lichens, bryophytes and 
vascular plants, and this introduces nutrients into the ecosystem (Grubb 1986; Frenot 
et al. 1995; Frenot et al. 1998). 
In retreating glaciers, the temporal dynamics of microbial and plant colonization 
and soil development can be investigated through the analysis of chronosequences 
along glacier forefields (Bardgett and Walker 2004; Knelman et al. 2012; Brown and 
Jumpponen 2014; Welc et al. 2014; Ciccazzo et al. 2015). In chronosequences, distance 
to the current glacier terminus serves as a proxy for time since glacier ice retreat 
(Matthews 1992; Chapin et al. 1994; Bardgett 2000; Sigler et al. 2002; Jumpponen 2003; 
Bardgett and Walker 2004; Nemergut et al 2007; Walker et al. 2010). Along this 
chronosequence, soil develops from sand-like sediment in the proximity of the glacier 
terminus to well-differentiated, physically and chemically complex deposits at the final 
stages of the succession (Matthews 1992). Interaction between soil structure and 
microbial community composition is reciprocal insofar as soil structure determines 
microbial assemblage composition and microbial activities influence soil properties 
(Bardgett et al. 2005; Bowker et al. 2014; Phillips 2014; Rime et al. 2015). In the initial 
stages of soil development, bacteria and fungi are key components of the ecosystem, as 
they are able to mobilize nutrients (e.g. via rock bioweathering and carbon and nitrogen 
fixation processes) facilitating their use by other organisms (Hodkinson et al. 2003; 
Nemergut et al. 2007; Gorbushina and Broughton 2009; Zumsteg et al. 2012). Algae also 
play an important role in these initial, non-vegetated stages, due to their capacity to fix 
carbon (Kastovská et al. 2005; Frey et al. 2013). Plant succession begins as soon as the 
soil is able to support their growth, which significantly affects the soil attributes (Chapin 
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et al. 1994; Walker et al. 2003; Bryant et al. 2008; Knelman et al. 2012; Brown and 
Jumpponen 2014). Abiotic factors (e.g. precipitation, sunlight exposure, soil pH, soil 
organic compounds) can also contribute to soil development and shaping of its 
community structure (Sigler and Zeyer 2002; Wang et al. 2010; Wu et al. 2012). 
However, it is still poorly understood how differences in abiotic parameters affect the 
dynamics of primary succession in glacier forefields, because comparative studies 
between glaciers are scarce (Sigler and Zeyer 2002; Tscherko et al 2003). 
By examining changes in the composition of different microbial groups with 
increasing soil surface age, insight can be gained into microbial assembly dynamics. In 
addition, through the simultaneous analyses of the succession dynamics of different 
taxonomic groups it is possible to recognize the interacting microbial patterns in soils 
after glacial retreat. Bacterial and fungal succession dynamics have been recently 
compared across glacier forefields using high throughput molecular sequencing 
technologies (Brown and Jumpponen 2014; Rime et al. 2015). However, despite the fact 
that algae are important functional components of initial succession stages (Nemergut 
et al. 2007), according to our knowledge, no study has simultaneously characterized 
bacterial, fungal and algal successions in glacier forefields. 
The succession dynamics of microbial communities has been investigated in 
detail in glacier forefields of the Northern Hemisphere (Wang et al. 2010; Zumsteg et al. 
2012; Bradley et al. 2014; Brown and Jumpponen 2014), yet little information exists for 
glaciers in temperate and subpolar regions of the Southern Hemisphere. The present 
study focuses on Cordillera Darwin, in the southwestern region of Tierra del Fuego 
(Chile), where glacier retreat has been occurring since the XIX century (Masiokas et al. 
2009) and quick succession to stages dominated by Nothofagus tree species has taken 
place (Sancho et al. 2011). The southern and northern slopes of the Cordillera Darwin 
are sensitive to climate factors. Thus, higher precipitations are recorded for the 
southern slope facing the Beagle Channel than for the northern side (Holmlund and 
Fuenzalida 1995).  
This study was designed to compare microbial succession patterns and 
community assembly dynamics across two glacier forefields on different slopes of 
Cordillera Darwin, consequently presenting different climate conditions. The regional 
pool of colonizer microorganisms is assumed to be similar as the glaciers are only a few 
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kilometres apart. However, different dynamics of plant succession and soil development 
after ice retreat have been observed (Sancho et al. 2011; Arróniz-Crespo et al. 2014). 
We hypothesized that the different climate conditions (mainly precipitation regime) on 
both sides of the Cordillera Darwin also affect microbial colonization dynamics and 
community assemblage. To this end, algal, fungal and bacterial compositions were 
explored at sites corresponding to different succession stages of two glacier forefields.  
 
 
1.2 Materials and Methods 
Study area  
The study area included two glacier forefields located approximately 15 km apart 
on the southern and northern slopes of Cordillera Darwin, in southwestern Tierra del 
Fuego (XII Region, Chile, South America). Around 80% of this rugged landscape is 
covered by an ice cap and glacier outlets flow towards the sea on both slopes. These 
glaciers have been receding constantly since the Little Ice Age (around 1750 to 1850 AD) 
(Masiokas et al. 2009) at different speeds and a clear sequence exists of moraine bands 
(Sancho et al. 2011; Arróniz-Crespo et al. 2014). The southern slope glacier forefield 
(hereafter designated SS), Pia Glacier (54 46’ S 69 40’ W), faces the east arm of the 
Beagle Channel (Bahia Pia). This slope shows a biological succession that spans 34 years 
starting with bare soils and ending with a full Nothofagus spp. forest (Sancho et al. 
2011). The northern slope glacier forefield (hereafter designated NS), Parry Glacier (54 
41’S 69 23’ W), is bounded towards the north by the Almirantazgo Fjord (Seno 
Almirantazgo). This slope shows a much slower plant succession than Pia Glacier, with 
comparable full forest stages observed at sites with soil surface ages higher than 66 
years (Holmlund and Fuenzalida 1995; López et al. 2010; Arróniz-Crespo et al. 2014). The 
Cordillera Darwin area has a maritime climate along the coast characterized by 
hurricane-force winds (strongest from the West, coldest from the South), dense cloud 
cover (especially over the southern and western fjords of the study area) and an average 
temperature of 5°C, with little seasonal variation (Molina 1983; Burgos 1985; Santana 
et al. 2006). These features, combined with the influence of the Pacific Ocean, create a 
noticeable SW-NE precipitation gradient. Specifically, rainfall on southern slopes (SS) of 
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the Cordillera Darwin is twofold (c. 1600 mm per year) that recorded for northern slopes 
(NS, c. 800 mm per year) (Holmlund and Fuenzalida 1995; Koppes et al. 2009).  
 
Sampling 
Soil samples were collected in December 2009 across chronosequences dated 
according to aerial photographs, dendrochronology (tree rings sampling) and 
lichenometry (Sancho et al. 2011; Arróniz-Crespo et al. 2014). Across each 
chronosequence, sites that have been ice-free for different number of years, 
corresponding to different succession stages, were examined (Table 1.1): six in SS (1, 4, 
7, 10, 19 and 34 years of soil exposure) and five in NS (5, 18, 20, 26 and 66 years of soil 
exposure). At each site, 3 sampling points were selected along 3 parallel transects 
established in each glacier forefield, from the glacier terminus towards the oldest dated 
moraines. At each sampling point, we obtained composite samples (c. 200 g) comprised 
of 3 subsamples collected within a c. 1 m distance. Only the top centimetres (0-5 cm) of 
soil were sampled to avoid the vertical heterogeneity in microbial communities 
attributable to soil horizon development, as recommended by Sigler and Zeyer (2002) 
and Rime et al. (2015). Soil samples were placed in Whirl-Pak® bags and immediately 
frozen at -20° C for shipment and storage until processing in the laboratory.  
 
DNA extraction 
Genomic DNA extraction was performed independently from the 3 different 
samples in each succession stage (same soil exposure age) using the PowerMax Soil DNA 
Isolation Kit (MO BIO Laboratories, Inc.) according to standard procedures. DNA 
concentrations were determined in a NanoDrop ND 1000 spectrophotometer (Thermo 
Fisher Scientific™). DNA samples from the same succession stage were pooled in 
equimolar concentrations for further analysis. Pooled DNA samples of each succession 
stage were then concentrated using a SpeedVac concentrator (Savant Inc.) and purified 
using the QiaEX II DNA Purification Kit (Qiagen Laboratories INC.) prior to amplification. 
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Table 1.1. Characteristics of the studied chronosequences in Pia Glacier forefield located at southern slope (SS) of Cordillera Darwin and Parry 
Glacier forefield at northern slope (NS) of Cordillera Darwin (Tierra del Fuego, Chile). 
 
GLACIER FOREFIELD  
SUCCESSION 
STAGE (SOIL 
SURFACE 
AGE)* 
ALTITUDE (m.a.s.l.) AREA DESCRIPTION 
SS SS0 (1 yr) 38 m.a.s.l. Bare soils 
(54 46’ S, 69 35’ W) SS1 (4 yrs) 34 m.a.s.l. Scree glacier forefield featuring pioneer lichens (Placopsis pycnotheca, Sterocaulon spp.) and mosses (Ditrichium cylindricarpum, Acroschisma wilsonii) 
 SS2 (7 yrs) 31 m.a.s.l. Glacier forefield sparsely vegetated with pioneer herbs (Gunnera magellanica) featuring lichens (Sterocaulon ssp.)  
 SS3 (10 yrs) 24 m.a.s.l. Patchy shrubby-vegetated glacier forefield featuring herbs (Gunnera magellanica, Gaultheria mucronata, Empetrum rubrum) and young Nothofagus spp. 
 SS4 (19 yrs) 15 m.a.s.l. Herbaceous and shrubby fully vegetated glacier forefield featuring herbs and bushes (Gaultheria mucronata, Empetrum rubrum, young Nothofagus antarctica and N. betuloides) 
 SS5 (34 yrs) 2 m.a.s.l. Forest (Nothofagus antarctica, N. betuloides) 
NS NS0 (5 yrs) 210 m.a.s.l. Bare soils 
(54 41’ S, 69 23’ W) NS1 (18 yrs) 175 m.a.s.l. Unvegetated scree glacier forefield featuring pioneer lichens (Sterocaulon spp.) and mosses (Dendroligotrichum squamosum, Andreaea laxifolia) 
 NS2 (20 yrs) 152 m.a.s.l. Glacier forefield sparsely vegetated with pioneer herbs (Gunnera magellanica, Uncinia tenuis) 
 NS3 (26 yrs) 136 m.a.s.l. Patchy shrubby-vegetated glacier forefield featuring herbs (Gunnera magellanica, Gaultheria mucronata, Empetrum rubrum)  
 NS4 (66 yrs) 90 m.a.s.l. Forefield featuring herbs, shrubs (Gaultheria mucronata, Empetrum rubrum) and young patchy forest (Nothofagus antarctica and N. betuloides) 
 
* Obtained from Sancho et al. (2011) and Arróniz-Crespo et al. (2014). 
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PCR amplification and pyrosequencing 
Soil bacterial, fungal and algal communities from the different succession stages 
were determined by one-way tag-encoded 454 amplicon pyrosequencing. The bacterial 
16S rDNA V1-V3 gene region was amplified using the primer pair 27F (Lane et al. 1985) 
and 518R (Muyzer et al. 1993). Fungal internal transcribed spacers (ITS) 1 and 2, as well 
as the 5.8S ribosomal RNA gene sequence were amplified using the ITS1F and ITS4 
primer pair (Gardes and Burns 1993). The algal RuBisCo rbcL gene fragment was 
amplified using the primer pair Rh1 and Rbc590 (Hayden and Waaland 2002). PCR 
specifications are detailed in the Supporting information 1. Posterior PCRs and 454 
pyrosequencing were carried out at the NGS-Genomic Service of the Fundación Parque 
Científico de Madrid (FPCM) according to their established protocols (detailed in 
Supporting information 2).  
Raw data from sequencing were deposited in the NCBI Sequence Read Archive 
(SRA, http://www.ncbi.nlm.nih.gov/sra) under accession number SRP052222. 
 
Pyrosequencing data processing 
Reads were initially filtered based on a perfect match with MID barcodes and on 
base quality score (Q ≥ 25, following Roche standard specifications for 454 GS FLX 
Titanium). These reads were then processed using a custom BioPython script, which 
assigns the reads to bacterial, fungal or algal datasets ( 2 nucleotides mismatch to 
primer sequences) and trims tags, adapters and MID barcodes. Reads below a minimum 
length ( 250 bp for bacteria,  400 bp for fungi and  450 bp for algae) and those 
containing ambiguous nucleotides (‘Ns’) and/or homopolymers longer than 8 bp were 
removed from the dataset using the ‘trim.seqs’ command in MOTHUR v1.22.2 (Schloss 
et al. 2009). Remaining reads were clustered at 99% of sequence similarity and 
singletons and chimeric sequences successively removed using USEARCH v6.0.307 
(Edgar 2010). Sequence reads were then clustered into operational taxonomic units 
(OTUs) at the 97% similarity level using the implemented UCLUST algorithm. ‘Consensus 
sequences’ generated by the UCLUST algorithm for each OTU were appointed as 
representative sequences for subsequent analyses. Finally, datasets were 
independently rarefied to even sequencing depth (885, 1,844 and 5,697 reads for 
bacteria, fungi and algae per sample, respectively) by random selection (without 
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replacement), using the ‘multiple_rarefactions’ command in QIIME (Caporaso et al 
2010).  
 
Sequence data 
A total of 441,157 reads were obtained for the SS and 439,935 for the NS 
chronosequences. After removing poor-quality, incorrectly barcoded, short and 
potentially chimeric sequences, this left 26,517 bacterial sequences, 67,651 fungal 
sequences and 95,661 algal sequences suitable for analysis. These sequences clustered 
(97% similarity cut-off) into 3,299 bacterial OTUs, 1,310 fungal OTUs and 240 algal OTUs.  
 
Community structure  
Sequencing depth for each type of organism and succession stage in each 
chronosequence was tested by constructing rarefaction curves using the R package 
iNEXT for the interpolation and extrapolation of species diversity (Chao et al. 2013; Hsieh 
et al. 2013). Taxonomic affinities for representative bacterial OTU sequences were 
assigned using the Ribosomal Database Project’s (RDP) Naïve Bayesian rRNA Classifier 
(Wang et al. 2007) against the RDP database (Maidak et al. 1996). OTU's affinities 
reported as ‘cyanobacteria/chloroplast’ were further assigned a taxonomic identity 
using the ‘megablast’ algorithm against nr/nt database (NBCI). Representative fungal 
OTU sequences were assigned a taxonomic identity using the ‘BLASTn’ algorithm (NCBI) 
by searching against the UNITE database (Abarenkov et al. 2010). Algal OTU taxon 
affinities were determined using the ‘megablast’ algorithm against nr/nt database 
(NBCI). Matches showing cover > 90% and the highest identity values were chosen after 
exclusion of unclassified accessions. Higher levels of phylogenetic adscription for each 
algal OTU were assigned following UniProt Consortium (www.uniprot.org/taxonomy). 
Bacterial sequences identified as eukaryotic organelle DNA (mitochondria or 
chloroplast) or as Archaea were removed along with non-fungal or non-algal sequence 
identities. Simple Correspondence Analyses (CA) were carried out for each type of 
organism in Stata software v14.0 to test conditional independence relationships 
between major microbial groups and succession stages. 
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Microbial diversity  
Bacterial, fungal and algal OTU richness (S), Shannon diversity index (H’) and 
Pielou’s evenness index (J’) were calculated per succession stage using the vegan 
package v2.0-0 in R for community ecology (Oksanen et al. 2013).  
Turnover rates for microbial communities in the chronosequences were 
calculated using the Bray-Curtis dissimilarity index implemented in the vegan package 
in R. This turnover index ranges from 0 (two sites sharing all OTUs) to 1 (two sites sharing 
no OTU). Turnover rates per year were calculated dividing Bray-Curtis index values by 
the difference in estimated soil surface age (years) between consecutive succession 
stages to examine the speed of OTU turnover along the chronosequence following Wu 
et al. (2012). These rates were expressed as percentages.  
OTU ribbon maps, based on shared OTUs, were built from rarefied datasets to 
represent connectivity among the soil microbial communities of different succession 
stages in both glacier forefields. Shared OTUs abundances using rarefied and non-
rarefied datasets were not markedly different (data not shown). Data were tabulated 
using the Reshape2 package v1.4 in R (Wickham 2014) and then represented in the form 
of circular layouts by CIRCOS software (Krzywinski et al. 2009). In order to check the level 
of similarity among succession stages (shared OTUs) Multidimensional Scaling (MDS) 
was performed using Euclidean distances and the PROXSCAL algorithm in SPSS v.23.0.  
Previously to -phylodiversity analysis, bacterial and algal datasets were aligned 
using MUSCLE v.3.8.31 (Edgar et al. 2004). Maximum likelihood (ML) phylogenetic 
analyses were performed by means of RAxML v7.2.7 (Stamatakis 2006) using the 
GAMMACAT substitution model, implemented in the CIPRES Science Gateway (Miller et 
al. 2010). Fungal dataset was discarded in -phylodiversity analyses since the typical 
high number of polymorphisms in ITS sequences prevents the build of reliable 
alignments. Using ML tree hypotheses, phylogenetic -diversity was calculated and 
presented as phylogenetic lineages in a phylogenetic distance matrix constructed using 
a weighted normalized UniFrac metric measure (Lozupone and Knight 2005) using the 
Fast UniFrac suite (Hamady et al. 2010). To detect broad trends in similarities and 
differences in microbial lineages according to succession stages, a principal coordinates 
analyses (PCoA) was performed based on the UniFrac metric measure for both bacterial 
and algal datasets (Lozupone and Knight 2005).  
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1.3 Results 
Bacterial community structure 
Bacterial communities were dominated by Proteobacteria (52.7% OTUs, 43.3% 
sequences), with Alphaproteobacteria emerging as the most represented class. 
Acidobacteria (16.7% OTUs, 31.9% sequences). The Actinobacteria (7.3% OTUs, 5.5% 
sequences), and Sphingobacteria (7% OTUs, 3.8% sequences), also showed remarkable 
abundance and OTU richness along the chronosequences. 
The same dominant bacterial classes and orders (the latter hereafter given 
between brackets) were represented on both chronosequences. However, differences 
in bacterial community composition according to distance from the glacier terminus 
(Table 1.2), as well as statistically supported associations of specific bacterial groups 
with given succession stages (Fig. 1.1, CA with variance explained of 89.02%, p≤0.001), 
were detected. Alphaproteobacteria (Rhizobiales) showed increasing OTU richness and 
abundance with distance from the glacier terminus (Table 1.2) and association to SS3 
and SS4 succession stages (Fig. 1.1). In contrast, Cyanobacteria (Oscillatoriales and 
Nostocales) showed a higher abundance close to the glacier terminus (SS0, NS0) and 
closer association to SS0 (Fig. 1.1), while they were nearly absent at later succession 
stages (Table 1.2). Actinobacteria (Acidimicrobiales and Solirubobacteriales) also 
showed the highest OTU richness and abundance values at SS0 and NS0 and a markedly 
fell of richness and abundance with increasing distance fromthe glacier terminus in the 
NS chronosequence (Table 1.2). These results were supported by their location in the 
CA ordination (Fig. 1.1). Contrarily, OTU richness and abundance values for 
Acidobacteria (Acidobacteriales) were markedly lower at SS0 and NS0 than at remaining 
succession stages (Table 1.2, Fig. 1.1). Candidatus Saccharibacteria was associated to 
SS0, Opitutae to SS1 and SS2 and Acidobacteria to SS5 (Fig. 1.1).
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Table 1.2. Bacterial community composition along the southern slope (SS) and northern slope (NS) chronosequences  
Succession 
stage 
α-Proteobacteria 
 
β-Proteobacteria 
 
γ-Proteobacteria 
 
δ-Proteobacteria 
 
Cyanobacteria 
 
Acidobacteria 
 
Sphingobacteria 
 
Actinobacteria 
 
Opitutae 
 Candidatus 
Saccharibacteria 
 
Others 
OTUs Seqs  OTUs Seqs  OTUs Seqs  OTUs Seqs  OTUs Seqs  OTUs Seqs  OTUs Seqs  OTUs Seqs  OTUs Seqs  OTUs Seqs  OTUs Seqs 
SS0 17.5 7.3  4.5 1.1  4 1.1  2.8 0.9  13 41.3  4 3.6  7.9 3.3  20.3 18.7  1.1 0.2  9.6 12.3  15.3 10 
SS1 32.8 32.9  11.1 9.8  10.6 17.9  6.2 3.9  0 0  11.4 13.6  9.1 7.2  3.5 2.2  4.7 5.1  0.9 0.6  9.7 6.8 
SS2 28.7 29.6  12.5 8.3  7.2 13.4  2.3 1.5  0.4 0.3  15.1 13.1  5.7 7.8  9.8 10.7  3.4 2.7  0.8 0.6  14.3 12 
SS3 37.4 40.3  5.3 3.3  7.8 6.3  4 2.2  0 0  18.2 27.8  7.8 5.8  5.1 3.9  2.7 1.7  0.8 0.7  11 8.1 
SS4 41.9 46.7  4 1.9  7.9 7.9  2.3 1.1  0 0  20.8 27.3  2.3 1.8  6.6 4.7  2 0.9  1.7 1  10.6 6.6 
SS5 33.9 19.9  4.7 1.2  7.8 9.8  1 0.5  0 0  37.5 62.9  2.1 0.7  4.7 1.5  4.2 2  1 0.2  3.1 1.2 
NS0 21.2 22.4  7.5 5.9  6.2 4.2  5.1 3.7  10.3 17  6.5 4.8  4.5 4.6  18.5 19.5  1.4 0.9  2.1 2.1  16.8 15 
NS1 32.6 31.6  3.6 2.6  8.1 7.7  2.3 1.4  0.5 0.2  28.1 36.7  2.3 1.5  5.4 5.3  2.7 1.8  0.5 0.2  14 10.8 
NS2 32.9 33  5.6 3.2  8.2 7.4  3.8 2.2  0 0  24.5 37.3  4.7 2.6  4.1 1.7  1.3 0.8  0.9 0.9  14.1 10.9 
NS3 52.8 56.8  3 1.1  5.6 2.9  2.1 0.7  0 0  25.8 34.6  2.6 1.1  2.1 0.8  0 0  0 0  6 1.9 
NS4 38.9 43.3 
 
3.7 2.4 
 
6.9 5.6 
 
4.5 2.1 
 
0 0 
 
28 36 
 
2.1 1.2 
 
2.9 1.7 
 
1.9 1.1 
 
1.1 0.5 
 
9.9 6 
 
OTU richness (OTUs) and relative sequence abundance (Seqs) are expressed as a percentage of the total number of OTUs and sequence reads 
detected for each succession stage (left column), respectively, resolvable to at least the class level (top row). Taxa accounting for <0.5% of relative 
abundance in >50% of the succession stages and OTUs only resolved at the phylum level are shown in the column designated Others. The number 
of reads for each succession stage was standardized to a minimum sampling read depth by rarefying through random selection without 
replacement (885 reads). 
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Fungal community structure 
The phylum Ascomycota strongly dominated fungal communities (59.3% OTUs, 
55.3% sequences), followed by Basidiomycota (23.6% OTUs, 29.9% sequences). Within 
Ascomycota, Leotiomycetes was the most abundant class (27.9% OTUs, 18.7% 
sequences). Agaricomycetes (20.3% OTUs, 27.7% sequences) was the most abundant 
class among the Basidiomycota. 
Fungal community structure varied across the SS and NS chronosequences (Table 
1.3), with changes in composition statistically supported (Fig. 1.2, CA with a variance 
explained of 57.07%, p ≤ 0.001). Clear trends according to distance from the glacier 
terminus were not observed in abundance values for the most represented classes, 
Leotiomycetes (Helotiales) and Agaricomycetes (Cantharellales, Agaricales and 
Sebacinales). However, OTU richness and abundance values recorded for other classes 
such as Lecanoromycetes (Agyriales) and Tremellomycetes (Trichosporonales and 
Fig. 1.1. Single correspondence analysis (CA) of the bacterial classes from the 
different succession stages. Variables explained 89.02% of the variance of the dataset 
(p≤0.001). Southern slope succession stages (SS0-SS5) are indicated with red triangles 
and northern slope succession stages (NS0-NS4) with blue dots. Bacterial classes are 
indicated by green squares.  
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Tremellales) decreased with distance from the glacier terminus (Table 1.3) and were 
associated in CA (Fig. 1.2) with lower soil surface ages (NS0, SS1 and SS2). Similarly, the 
class Chytridiomycetes (Rhizophydiales and Rhizophylictidiales) was almost exclusively 
detected at sites NS0, SS0 and SS1 (Table 1.3) and associated to SS0 (Fig. 1.2). On the 
other hand, Archaeorhizomycetes (Archaeorrhizomycetales) was the dominant class at 
NS3 and NS4 (supported by CA analysis, Fig. 1.2) but virtually absent from the remaining 
succession stages.  
 
Fig. 1.2. Single correspondence analysis (CA) of the fungal classes from the different 
succession stages. Variables explained 57.07% of the variance of the dataset 
(p≤0.001). Southern slope succession stages (SS0-SS5) are indicated with red triangles 
and northern slope succession stages (NS0-NS4) with blue dots. Fungal classes are 
indicated by green squares. 
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Table 1.3. Fungal community composition along the southern slope (SS) and northern slope (NS) chronosequences  
Succession 
stage 
Chytridiomycetes  Dothideomycetes  Eurotiomycetes  Lecanoromycetes  Leotiomycetes  Sordariomycetes  Archaeorhizomycetes  Tremellomycetes  Agaricomycetes  Others 
OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs 
SS0 7.6 18  6.7 5.2  3.8 1.9  11.4 9.6  16.2 16.2  3.8 1.1  1 0.2  4.8 15  13.3 2.9  31.4 29.8 
SS1 4.7 2.1  0 0  11.3 23.5  13.2 24.5  18.9 5.9  13.2 8.2  0 0  0.9 0.1  12.3 17.3  25.5 18.3 
SS2 0 0  5.6 1.4  5.6 0.6  7.4 1.3  13.9 3.2  1.9 0.2  0.9 0.1  0.9 1.1  30.6 37  33.3 55.1 
SS3 0.8 0.2  6.2 1.5  3.8 0.5  0 0  14.6 5.5  6.2 2.7  0.8 0.1  5.4 1.6  13.1 8.5  49.2 79.5 
SS4 0 0  1.2 0.1  1.2 0.2  0 0  29.3 14.5  8.5 1.8  0 0  0 0  20.7 73.8  39 9.7 
SS5 0 0   2.2 0.4   4.4 0.3   5.6 1.3   20 11.5   6.7 11.3   1.1 0.3   2.2 1.3   37.8 57.7   20 16 
NS0 12.7 3.4  7.8 12.1  2 0.8  4.9 2.4  16.7 9.3  2 0.2  6.9 3.3  1 0.3  13.7 25.7  32.4 42.6 
NS1 0 0  1.8 0.2  10.1 2.9  2.8 0.4  34.9 73  2.8 0.8  0.9 0.1  0.9 0.1  20.2 11.9  25.7 10.6 
NS2 0 0  0 0  0.7 0.2  0.7 0.1  61.9 74.9  3.6 0.6  0 0  0.7 0.1  23.7 22.1  8.6 2.1 
NS3 0 0  0.9 0.1  10.4 0.8  0.9 0.2  37.7 11.8  2.8 0.7  17.9 74  2.8 0.2  21.7 11.7  4.7 0.5 
NS4 0 0   1.5 0.1   2.2 0.9   2.2 1   30.9 17.5   2.9 0.5   22.8 52.9   0.7 0.1   27.2 25.5   9.6 1.4 
 
OTU richness (OTUs) and relative sequence abundance (Seqs) are expressed as a percentage of the total number of OTUs and sequence reads 
detected for each succession stage (left column), respectively, resolvable to at least the class level (top row). Taxa that account for <0.5% of 
relative abundance in >50% of the succession stages and OTUs only resolved at the phylum level are shown in the column designated Others. 
The number of reads for each succession stage was standardized to a minimum sampling read depth by rarefying through random selection 
without replacement (1844 reads). 
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Algal community structure 
Algal communities were dominated by the class Trebouxiophyceae (65% OTUs, 
65% sequences) followed by Chlorophyceae (20% OTUs, 30.7% sequences). 
Trebouxiophyceae reads were mainly assigned to taxonomical identities within the 
order Microthamniales (18.7% OTUs, 19.5% sequences) and Chlorophyceae to the order 
Chlamydomonadales (2.9% OTUs, 24.2% sequences). 
Most represented algal orders and genera (the latter hereafter given between 
parentheses), except the orders Tetrasporales and Desmidiales, were found at every 
sampling site in both forefields (Table 1.4), findings corroborated by the spread 
ordination shown by CA (Fig. 1.3, variance explained of 76.38%, p≤ 0.001). The orders 
Microthamniales (Stichococcus and Trebouxia) and Chlorelalles (Chorella, Chloroidium 
and Oocystis) showed similar OTU richness and abundances along the chronosequences. 
However, OTUs assigned to the order Prasiolales (Prasiola) showed greater abundance 
at SS0, NS0 and SS3 (Table 1.4) and a main association with them in CA (Fig. 1.3). 
Prasiolales OTUs identified in the youngest succession stages of each forefield (SS0, NS0) 
were mainly ascribed to Prasiola calophylla, while in SS3 were assigned to different 
Prasiola species (Table 1.4). The order Chlamydomonadales (Eudorina) featured lower 
OTU richness and abundance values in initial succession stages compared to older 
stages. Desmidiales (Actinotaenium) were associated with NS4 and both segregated 
from the rest in CA (Fig. 1.3), coinciding with the highest values of abundance and 
richness of the order at this site (Table 1.4). 
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Table 1.4. Algal community composition along the southern slope (SS) and northern slope (NS) chronosequences  
Succession 
stage 
Chaetophorales  Chlamydomonadales  Sphaeropleales  Tetrasporales  Chlorellales  Microthamniales  Prasiolales  Desmidiales  Others 
OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs   OTUs Seqs 
SS0 4.2 0.8  2.1 0.6  4.2 1.7  4.2 0.6  29.2 9.2  18.8 3.9  12.5 79  0 0  25 4.2 
SS1 7.8 9.6  4.4 41.6  6.7 3  3.3 2.2  25.6 14.2  20 16.2  1.1 0.3  1.1 0.8  30 12.2 
SS2 4 0.4  4 22.5  10 1.3  2 0.2  18 2.6  18 70.8  4.0 0.2  0 0  40 2.1 
SS3 9.6 3.2  3.8 7.5  1.9 0.1  0 0  17.3 5.9  21.2 14.8  5.8 30.5  1.9 1.5  38.5 36.7 
SS4 13.3 3.8  6.7 23.1  4.4 0.1  0 0  20 8.8  13.3 31.9  6.7 10.6  0 0  35.6 21.7 
SS5 2 0.1   4.1 44.9   2 0.1   0 0   24.5 5.8   22.4 5.8   4.1 1.1   0 0   40.8 42.2 
NS0 4.4 0.8  4.4 2.4  6.7 11.1  0 0  24.4 12.5  23.3 12.4  3.3 25.2  2.2 0.2  31.1 35.4 
NS1 4.1 0.1  4.1 18.6  2.7 0.2  1.4 0.1  20.5 9.7  16.4 19.5  5.5 0.4  1.4 0.2  43.8 51.2 
NS2 4.3 1.3  2.9 37  4.3 1.5  1.4 0.2  18.8 5.8  17.4 11.2  1.4 0.2  2.9 1.7  46.4 41.1 
NS3 10.1 3.8  2.5 19.1  3.8 2.1  0 0  16.5 4.6  17.7 12.5  2.5 0.5  5.1 1.7  41.8 55.6 
NS4 12.5 9.1   6.3 37.8   3.1 0.6   3.1 0.2   21.9 9.2   18.8 7.9   6.3 0.1   9.4 29.3   18.8 5.8 
 
OTU richness (OTUs) and relative sequence abundance (Seqs) are expressed as a percentage of the total number of OTUs and sequence reads 
detected for each succession stage (left column), respectively, resolvable to at least the order level (top row). Taxa that account for <0.5% of 
relative abundance in >50% of the succession stages (along the chronosequence) and OTUs only resolved at the sub-phylum level are shown in 
the column designated ‘Others’. The number of reads for each succession stage was standardized to minimum sampling read depth by rarefying 
through random selection without replacement (5697 reads). 
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Microbial richness and -diversity 
Our rarefaction curves indicated a satisfactory sequencing depth for algae at all 
sites and for bacteria and fungi at most (Supporting information Fig. 1.1). Richness (S), 
Shannon diversity (H’) and Pielou’s evenness (J’) estimators calculated for bacterial, 
fungal and algal communities did not show clear successional trends along both 
chronosequences (Table 1.5). For bacterial communities, the lowest values of S, H’ and 
J’ were recorded for the SS chronosequence at SS0 and SS5 and for the NS at NS3. Fungal 
and algal communities showed lower S, H’ and J’ values than bacterial ones across both 
Fig. 1.3. Single correspondence analysis (CA) of the algal orders from the different 
succession stages. Variables explained 76.38% of the variance of the dataset 
(p≤0.001). Southern slope succession stages (SS0-SS5) are indicated with red triangles 
and northern slope succession stages (NS0-NS4) with blue dots. Algal orders are 
indicated by green squares 
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forefields. The lowest fungal S, H’ and J’ values were found at SS4 and NS3, while for 
algal communities, the lowest values were recorded at SS2 for SS chronosequence and 
NS4 for NS. 
 
Table 1.5. Estimated OTU richness (S), diversity (H’) and evenness (J’) indices for 
bacterial, fungal and algal communities detected along the southern slope (SS) and 
northern slope (NS) chronosequences.  
 
Succession 
stage 
  Bacteria   Fungi   Algae 
 S H' J'  S H' J'  S H' J' 
SS0  182 3.5 0.67  106 3.8 0.81  48 1.77 0.46 
SS1  344 5.2 0.89  107 3.08 0.66  93 2.7 0.6 
SS2  267 5.18 0.93  111 2.23 0.47  51 1.2 0.3 
SS3  375 5.35 0.9  135 3.48 0.71  54 2.47 0.62 
SS4  303 5.02 0.88  83 2.02 0.46  50 2.36 0.6 
SS5   192 3.94 0.75   93 2.23 0.49   55 2.01 0.5 
NS0  297 5.34 0.94  102 3.13 0.68  90 2.67 0.59 
NS1  223 5.01 0.93  109 2.16 0.46  76 2.4 0.55 
NS2  320 5.02 0.87  140 2.43 0.49  70 2.38 0.56 
NS3  233 4.09 0.75  106 1.94 0.42  80 2.73 0.62 
NS4   375 5.22 0.88   138 3.17 0.64   32 1.91 0.55 
 
 
Bacterial OTU turnover rates and distributions  
For the SS glacier forefield, highest Bray-Curtis dissimilarity indices (BCij) and 
most rapid turnover rates per year (32.3%) were detected between SS0 and SS1 (Table 
1.6), while the slowest turnover rate per year was found between SS4 and SS5 (5.4%). 
Similarly, along the northern slope chronosequence, the highest BCij was obtained 
between NS0 and NS1. However, the highest turnover rate per year (35.4%) was found 
between NS1 and NS2 (Table 1.6). In contrast, the slowest turnover rate per year (1.7%) 
was observed for NS3 versus NS4 (Table 1.6). In both forefields, BCij decreased along the 
chronosequence before reaching the full forest stage. However, the turnover rate per 
year did not follow this pattern. 
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Table 1.6. Bray-Curtis dissimilarity indices (BCij) and turnover rates per year (expressed 
as percentage) between consecutive succession stages of bacterial, fungal and algal 
communities along the southern slope (SS) and northern slope (NS) chronosequences.  
 
Succession 
stages 
 BCij  Turnover rate per year 
 Bacteria Fungi Algae  Bacteria Fungi Algae 
SS0-SS1  0.97 0.96 0.91  32.3 32 30.4 
SS1-SS2  0.77 0.84 0.65  25.5 28.1 21.7 
SS2-SS3  0.85 0.97 0.81  28.3 32 26.9 
SS3-SS4  0.72 0.95 0.47  8 10.5 5.2 
SS4-SS5  0.81 0.97 0.55  5.4 6.5 3.7 
NS0-NS1  0.93 0.99 0.85  7.1 7.6 6.5 
NS1-NS2  0.71 0.91 0.46  35.4 45.5 23.2 
NS2-NS3  0.75 0.89 0.32  12.5 14.8 5.3 
NS3-NS4  0.68 0.89 0.70  1.7 2.2 1.7 
 
 
The bacterial OTU ribbon map (Fig. 1.4a) illustrates the high abundance of 
bacterial shared OTUs between different succession stages (ribbons). The high 
abundance of unique OTUs at every succession stage is also revealed (42.810.7%, 
asterisks in Fig. 1.4a). Succession stages closest to the glacier terminus, SS0 and NS0, 
shared more OTUs (mainly assigned to Alphaproteobacteria, Cyanobacteria and 
Actinobacteria) between them, than with any other site. The highest abundance of 
unique OTUs (68% and 62% respectively, Fig. 1.4a) were also found in NS0 and SS0. The 
differentiation of SS0 and NS0 was corroborated by their segregation in 
multidimensional scaling (MDS) ordination (Fig. 1.4b). It is also remarkable the low 
number of shared OTUs between SS0 and NS0 and the subsequent succession stage in 
their own chronosequence (pairs SS0-SS1 and NS0-NS1; ribbons in Fig. 1.4a), and their 
distant location in MDS ordination (Fig. 1.4b). The subsequent succession stages in the 
southern chronosequence, SS1 and SS2, showed a higher abundance of shared OTUs 
between them than with any other site (ribbons and inner bar-plots of external rings in 
Fig. 1.4a), which coincided with the observed segregation of them from the rest of the 
succession stages in MDS (Fig. 1.4b). A close location of the rest of the succession stages 
(SS3, SS4, SS5, NS2, NS3 and NS4) in MDS ordination (Fig. 1.4b) and similar abundances 
of shared OTUs between them (ribbons and Supporting information Table 1.1) were also 
observed.  
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Fungal OTU turnover rates and distributions  
The turnover rate (BCij) was high (0.99 to 0.89) and similar across the entire 
chronosequence (Table 1.6). As for the bacteria, turnover rates per year did not follow 
the same pattern in both glacier forefields. In the SS chronosequence, the most rapid 
turnover rates per year were detected between the first three succession stages while 
in NS most rapid rates were noted for NS0 versus NS1 (Table 1.6).  
The fungal OTU ribbon map (Fig. 1.5a) indicates that all the succession stages 
from both glacier forefields shared fungal OTUs, except pairs SS1-NS4 and SS2-NS3 
which did not show any shared OTU (ribbons). Ribbon map also depicts the remarkable 
abundance of unique OTUs found at each succession stage (4812%, asterisks in Fig. 
1.5a), coinciding with a spread location of the stages over the MDS ordination space (Fig. 
1.5b). The succession stages closest to the glacier terminus, SS0 and NS0, were 
segregated from the rest in the MDS ordination (Fig. 1.5b), as in bacterial analysis. In 
fact, SS0 and NS0 were distantly located from the immediately subsequent succession 
stages, SS1 and NS1, respectively (Fig. 1.5b). However, the highest proportions of unique 
OTUs appeared at SS0 (64%, most of them belonging to Chytridiomycetes) and NS4 (62%, 
Fig. 1.4. (a) Ribbon map of bacterial OTUs detected along the southern slope (SS0-
SS5, red colour-scheme) and northern slope (NS0-NS4, blue colour-scheme) glacier 
forefield chronosequences. In the centre of the figure, grey ribbons represent the 
number of OTUs shared between two succession stages (indicated by the 
corresponding colours at the ribbon ends). Numbers of unique OTUs are indicated by 
individual ribbons (asterisks). The length of the coloured ring segments represents 
the number of OTUs in each succession stage. These segments are ordered clockwise 
(SS, right half of the figure) and counterclockwise (NS, left half of the figure), from 
younger to older soil surface ages. The two coloured bar-plot rings situated externally 
show the percentages of OTUs from the total number of OTUs of each succession 
stage of unique and shared OTUs between succession stages (inner ring) and OTUs 
ascribed to different bacterial classes (outer ring, legend). (b) Multidimensional 
scaling ordination plot derived from a similarity matrix between succession stages 
based on bacterial OTUs community composition along southern and northern slopes 
glacier forefield chronosequences. Southern slope succession stages (SS0-SS5) are 
indicated with red triangles and northern slope succession stages (NS0-NS4) with 
blue dots. 
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most of them belonging to Archaeorhizomycetes). SS1 and SS2 shared a higher number 
of fungal OTUs between them than with any other succession stage (ribbons and inner 
bar-plots of external rings in Fig. 1.5a), supported by their nearby location in the MDS 
ordination (Fig. 1.5b), analogously to bacterial analysis. Higher abundances of fungal 
shared OTUs were found comparing succession stages from the same glacier than 
between sites from different glacier (ribbons and Supporting information Table 1.1), 
corroborated by the observed trend of segregation along Axis 1 in MDS ordination of 
succession stages from both glaciers (Fig. 1.5b).  
 
Algal OTU turnover rates and distributions  
Significantly lower BCij values were noted for algal communities than for the 
bacterial and fungal communities (Table 1.6). However, clear trends in BCij were not 
detected for each glacier's chronosequence. The two chronosequences showed 
different turnover patterns in terms of annual rates. The most rapid changes in turnover 
rate per year (>20%) were detected among the first three succession stages at SS, but 
only between NS1 and NS2 at NS (Table 1.6). 
The algal OTU ribbon map (Fig. 1.6a) shows the high abundance of shared algal 
OTUs found comparing different succession stages (>94% on average, ribbons and inner 
bar-plots of external rings) and the low abundance of unique OTUs (asterisks in Fig. 
1.6a), which ranged from 1% (SS3, SS4, NS2 and NS4) to 6% (SS1 and NS0). These 
abundance patterns differed to these found for bacterial and fungal communities. All 
sites shared high number of OTUs with sites from both glacier forefields (ribbons and 
inner bar-plots of external rings in Fig. 1.6a, Supporting information Table 1.1) and 
showed similar abundance of shared OTUs. The algal OTU's ubiquity was also supported 
by the central position and proximity of the most of the succession stages in the MDS 
ordination (Fig. 1.6b). The most distant sites in MDS ordination (Fig. 1.6b) were SS0, 
featured by a high abundance of unique OTUs belonging to Prasiolales (outer bar-plots 
of external rings in Fig. 1.6a), and NS4, showing a high abundance of unique OTUs 
belonging to Desmidiales (outer bar-plots of external rings in Fig. 1.6a).  
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Phylogenetic ordination of communities  
Bacterial PCoA of the weighted UniFrac distance matrix (Fig. 1.7a), representing 
the highest percentage of the variance found in this dataset (62.21%; axis P1=41.71%, 
axis P2=21.5%), segregated the youngest succession stages in each forefield (SS0 and 
NS0) from the rest ones. Moreover, axis P2 divided the SS succession stages from those 
of the NS, with the exception of SS5.  
Algal PCoA (Fig. 1.7b) represented 82.83% of the total variance found in the data 
(axis P1=52.22%, axis P2=30.61%). Similarly to bacterial PCoA, the youngest succession 
stages, SS0 and NS0, clustered together and segregated from the rest. Among the 
remaining succession stages, those in the same forefield clustered nearby, with the 
exceptions of SS5, clustering with the NS sites, and NS4, appearing separated from the 
rest.
Fig. 1.5. (a) Ribbon map of fungal OTUs detected along the southern slope (SS0-SS5, 
red colour-scheme) and northern slope (NS0-NS4, blue colour-scheme) glacier 
forefield chronosequences. In the centre of the figure, grey ribbons represent the 
number of OTUs shared between two succession stages (indicated by the 
corresponding colours at the ribbon ends). Numbers of unique OTUs are indicated by 
individual ribbons (asterisks). The length of the coloured ring segments represents 
the number of OTUs in each succession stage. These segments are ordered clockwise 
(SS, right half of the figure) and counterclockwise (NS, left half of the figure), from 
younger to older soil surface ages. The two coloured bar-plot rings situated externally 
show the percentages of OTUs from the total number of OTUs of each succession 
stage of unique and shared OTUs between succession stages (inner ring) and OTUs 
ascribed to different fungal classes (outer ring, legend). (b) Multidimensional scaling 
ordination plot derived from a similarity matrix between succession stages based on 
fungal OTUs community composition along southern and northern slopes glacier 
forefield chronosequences. Southern slope succession stages (SS0-SS5) are indicated 
with red triangles and northern slope succession stages (NS0-NS4) with blue dots. 
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Fig. 1.6. (a) Ribbon map of algal OTUs detected along the southern slope (SS0-SS5, 
red colour-scheme) and northern slope (NS0-NS4, blue colour-scheme) glacier 
forefield chronosequences. In the centre of the figure, grey ribbons represent the 
number of OTUs shared between two succession stages (indicated by the 
corresponding colours at the ribbon ends). Numbers of unique OTUs are indicated by 
individual ribbons (asterisks beneath). The length of the coloured ring segments 
represents the number of OTUs in each succession stage. These segments are 
ordered clockwise (SS, right half of the figure) and counterclockwise (NS, left half of 
the figure), from younger to older soil surface ages. The two coloured bar-plot rings 
situated externally show the percentages of OTUs from the total number of OTUs of 
each succession stage of unique and shared OTUs between succession stages (inner 
ring) and OTUs ascribed to different algal orders (outer ring, legend). (b) 
Multidimensional scaling ordination plot derived from a similarity matrix between 
succession stages based on algal OTUs community composition along southern and 
northern slopes glacier forefield chronosequences. Southern slope succession stages 
(SS0-SS5) are indicated with red triangles and northern slope succession stages (NS0-
NS4) with blue dots. 
 
Fig. 1.7. Principal coordinates analysis (PCoA) based on weighted and normalized 
UniFrac metric measures for succession stages along both forefield 
chronosequences. Southern slope succession stages (SS0-SS5) are indicated with red 
triangles and northern slope succession stages (NS0-NS4) with blue dots. (a) Bacterial 
communities; axes P1 and P2 represent 62.21% of the total variance in the data. (b) 
Algal communities; axes P1 and P2 represent 82.83% of the total variance in the data. 
Individual variance represented by each axis appears between parentheses in (a) and 
(b) (note the differences in scales). 
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1.4 Discussion 
This study examined the structure and succession dynamics of bacterial, fungal 
and algal communities in soil chronosequences generated by the retreat of two glaciers 
located on slopes with opposing aspects on the Cordillera Darwin. The study revealed 
that exposure to different moisture regimes, as a result of aspect, was associated to soil 
colonization of the forefields from the two slopes showing not only different plant 
succession rates, but also displaying different microbial temporal dynamics. However, it 
was also shown that soil chronosequences on both slopes also shared succession 
patterns for each one of the three taxonomic groups examined. Hence, some taxa were 
widely distributed across the chronosequences while others were specific to given 
succession stages and not to the soil surface ages. To the best of our knowledge, this is 
the first study to simultaneously address bacterial, fungal and algal diversity and 
composition in different glacier forefield soil chronosequences within potentially reach 
of the same regional pool of microorganisms. 
The bacterial succession patterns detected were analogous to those described 
for glacier forefields worldwide, with Proteobacteria as the dominant bacterial phylum 
(Nemergut et al. 2007; Zumsteg et al. 2012; Brown and Jumpponen 2014). This 
widespread distribution of Proteobacteria can be explained by the high metabolic 
versatility (phototrophs, photoheterotrophs and chemolitotrophs) of this phylum 
(Kuykendall et al. 2005; Kersters et al. 2006). The classes Cyanobacteria and 
Actinobacteria appeared as the most abundant taxonomic groups and distinctively 
linked to the younger succession stages (Schmidt et al. 2008; Zumsteg et al. 2012; Rime 
et al. 2015). Cyanobacteria are thought to play a key role in barren soils close to glacier 
terminus, where there is notable nutrient scarcity (cf. Arróniz-Crespo et al. 2014), since 
they can incorporate C and N into topsoil layers through their phototrophic and 
diazotrophic activities and, consequently, promote later colonization (Kastovská et al. 
2005; Schmidt et al. 2008; Frey et al. 2013). In contrast, Actinobacteria are able to 
decompose organic matter, including recalcitrant polymers (Heuer et al. 1997; 
Vetrovsky et al. 2014). The participation of Actinobacteria in the degradation of 
allochthonous organic matter (from aeolian or glacier stream deposits) or the organic 
matter that builds up under the ice sheet could be key to the subsequent colonization 
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of these oligotrophic soils since recalcitrant organic matter is converted into forms that 
are accessible to other microorganisms (Bardgett et al. 2007; Hawes 2008). 
The changes observed in the composition of fungal communities along the 
chronosequences revealed a succession process likely influenced by their biotic 
interactions. Chytridiomycetes, Lecanoromycetes (lichen-forming ascomycetes) and 
Tremellomycetes were more abundant in the proximity of the glacier terminus than at 
later succession stages. The existence of Chytridiomycetes at these sites may be 
determined by the presence of Cyanobacteria, as they are common parasites of these 
microorganisms (Sonstebo and Rohrlack 2011; Sime-Ngando 2012; Gerphagnon et al. 
2013). The presence of Lecanoromycetes could be related to the fact that lichen 
associations are key organisms in early succession stages, since they facilitate later 
colonization by other organisms, mainly through nutrient input to the ecosystem and 
soil stabilization (Brankatschk et al. 2011; de los Ríos et al. 2011). The concurrent 
presence of Tremellomycetes and Lecanoromycetes could be explained by the 
lichenicolous behaviour of many taxa within the former class (Millanes et al. 2011). 
Along the chronosequences, plant-associated fungi become increasingly represented. In 
fact, the high abundance of Helotiales (Leotiomycetes), which includes many species 
forming mycorrhizal associations with the plant family Ericaceae (Walker et al. 2011), 
coincided with the presence of Empetrum rubrum and Gaultheria mucronata in both 
forefields (Arróniz-Crespo et al. 2014). Fungal community compositions in succession 
stages dominated by vascular plants differed notably between the two 
chronosequences. In the SS forefield, fungal community dominance shifted across 
successions from Ascomycota to Basidiomycota (mainly through increase of 
Agaricomycetes abundance), similarly to prior observations in Alpine and North 
American glacier forefields (Jumpponen 2003; Zumsteg et al. 2012; Welc et al. 2014). 
This pattern was not, however, detected along the NS chronosequence mostly because 
of the dominance of Archaeorhizomycetes class (Ascomycota) in the early Nothofagus 
forest stages of this chronosequence (66 yrs since ice retreat). This ubiquitous soil class 
is generally found in roots and rhizospheres but without forming any recognizable 
mycorrhizal structure (Rosling et al. 2011). Previously reported correlations between 
Archaeorhizomycetes abundances and several habitat-related environmental variables 
(Rosling et al. 2013) suggest that this dominance is the outcome of differences in abiotic 
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factors between both forefields which could be related to the slower forest 
development. 
Algae in glacier forefield chronosequences have been less investigated 
previously. The ubiquity of most algal taxa found in the two glacier forefields analysed 
in this study was consistent with the known widespread distribution of this taxonomic 
group in terrestrial environments (Broady 1996; Elster 2002; Büdel 2003; Rindi et al. 
2010). Algal phylotypes do not necessarily indicate metabolic active forms, since they 
are able to remain dormant (Kastovská et al. 2005; Stibal et al. 2006; Lennon and Jones 
2011). In fact, Kastovská et al. (2005) suggested the existence of a reservoir for algal 
propagules in previously ice-covered grounds. However, some algal orders could be 
associated to given succession stages in the analyzed forefields. The most common algal 
taxa found have been also observed in other deglaciated areas (Kastovská et al. 2005; 
Stibal et al. 2006). Among them, Prasiola calophylla showed a high abundance at sites 
close to the glacier terminus, stages to which this order has been previously described 
to be significantly associated (Broady 1989). Hence, its source is possibly the glacier ice, 
as this taxon has been detected on terminal walls of glaciers. On the other hand, 
representatives of the Desmidiales order were found to be much more abundant in the 
latest succession stages (especially in NS chronosequence), similarly to what has been 
previously described by Rasran (2004). In contrast, Eudorina, a widespread colonial 
genus belonging to the Chlamydomonadales (Schmidt et al. 2011), was highly 
represented in all succession stages except in the proximity of glacier terminus of both 
forefields. Interestingly, Trebouxia, genus commonly present in lichen symbioses (Friedl 
and Büdel, 2008), was broadly represented along each chronosequence. Distributions 
and abundances of this taxon did not match those of Lecanoromycetes (most abundant 
class of lichen-forming fungi) suggesting it could include free-living forms, as proposed 
for Antarctic lithobiontic communities (Yung et al. 2014) and those of other habitats 
(Bubrick et al. 1984). 
Greater similarities in microbial composition were noted between the youngest 
succession stages of both chronosequences compared to subsequent stages. These 
results confirm that similar microorganisms colonized the recently deglaciated soils 
from both forefields, consistent with the findings of Skidmore et al. (2005) and Bajerski 
and Wagner (2013). Once succession started, abrupt changes in bacterial, fungal and 
94 | Capítulo 1 
 
 
algal community composition took place, as it was revealed by the segregation of initial 
succession stages shown in the different ordinations and the high turnover rates 
detected between initial succession stages and immediately subsequent ones. However, 
high turnover rates, not associated to changes in diversity indices, were also detected 
later in the succession, indicating a replacement of taxa along the entire forefields. This 
pattern of succession could reflect an initial colonization by a pool of cosmopolitan, 
generalist microorganisms (Fierer et al. 2010; Frey et al. 2013), which may have 
remained under the ice or arose from different origins, such as the ice sheet itself or 
adjacent soil areas by aeolian deposition (Hodson et al. 2008; Takeuchi 2011). As 
succession progresses, pioneer microorganisms are substituted by more specialized taxa 
(Fierer et al. 2007ab; Frey et al. 2013). The increased complexity of soil structure and 
the local effects induced by the appearance of plants along a chronosequence could 
determine a greater effect of habitat filtering on microbial community assembly 
(Bardgett and Walker 2004; Horner-Devine and Bohannan 2006; Knelman et al. 2012; 
Brown and Jumpponen 2014).  
Bacterial communities in both glacier forefields were richer and more diverse 
than fungal and algal communities (c. 5:3:2 H’ values). This concurs with figures reported 
for deglaciated territories in the Northern Hemisphere (Zumsteg et al. 2012; Brown and 
Jumpponen 2014) and representative soils in dominant ecosystem types (Fierer et al. 
2007b). Our joint analysis of bacterial, fungal and algal communities revealed 
differences in the succession trajectories of the three groups of microorganisms. Hence, 
while algae seemed to be mostly randomly distributed, a higher influence of succession 
stage on OTU distribution was detected for bacterial and fungal communities, as it was 
depicted by the high abundance of unique OTUs found at every succession stage. 
Moreover, the ubiquity of algae also suggests that they may not be so important drivers 
of succession as bacteria and fungi. In initial stages of succession, bacteria seem to play 
a dominant role over fungi. In effect, Cyanobacteria and Actinobacteria (specific to the 
youngest succession stages examined here) have been described as essential to the 
colonization of plant-free soils close to glacier termini (Heuer et al, 1997; Kastovská et 
al. 2005; Schmidt et al. 2008; Zumsteg et al. 2012; Frey et al. 2013; Vetrovsky et al. 2014). 
In contrast, the roles of fungi could be more relevant as succession progress and nutrient 
are accessible, since they highly depend on the availability of carbon and nitrogen. 
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Therefore, our data point to a more dynamic community composition and more 
dependent on biotic interactions for fungi than for bacteria along these Tierra del Fuego 
glacier chronosequences. Higher habitat requirements and more constraints for their 
dispersal have been also described for fungi compared to bacteria in other geographic 
areas, especially in early succession stages (Brown and Jumpponen 2014). 
 Microbial turnover rates per year in these Tierra del Fuego glacier forefields 
(values from 1.7% to 35.4%) were faster than those reported for bacteria in the high 
Arctic zone (0.7% to 7%) (Schutte et al. 2010) and Central Asia (0.9% to 19%) (Wu et al. 
2012). We propose the mild oceanic climate conditions of Tierra del Fuego as the main 
factor responsible for faster biological primary succession in these southern hemisphere 
forefields.  
 The distinct temporal dynamics of microbial succession in the NS and SS 
forefields observed here points to factors besides soil surface age driving primary 
succession. Primary succession is influenced by local and regional differences in abiotic 
factors, such as the precipitation regime, geographical orientation, sunlight exposure, 
soil pH and organic compounds (Sigler and Zeyer 2002; Wang et al. 2010; Philippot et al. 
2011; Bajerski and Wagner 2013). Thus, the differences in climate conditions between 
both aspects of the Cordillera Darwin (Holmlund and Fuenzalida 1995) affect microbial 
community assembly in the studied forefields. Accordingly, fast rates of plant succession 
and soil development (Arróniz-Crespo et al. 2014) as well as a high diversity of 
endosymbiotic microorganisms of the Nostoc genus in Gunnera magellanica 
(Fernández-Martínez et al. 2013) have been attributed to such climate differences. The 
composition and activity of established soil microbial communities is also affected by 
the precipitation regime (Zeglin et al. 2013).  
 Our findings suggest that the different plant succession observed in both 
forefields was preceded by distinct microbial succession dynamics. Hence, the faster 
plant colonization detected in the SS glacier forefield is likely the consequence of earlier 
effects of microbial metabolic activities and competition with higher plants (Sigler and 
Zeyer 2002; Miniaci et al. 2007; Knelman et al. 2012; Rime et al. 2015), thus multiplying 
the direct effects of climatic factors on plant succession.  
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1.5 Supporting information 
Supporting information 1.1. PCR specifications 
Primers for each reaction included an artificial tail (universal consensus sequence 
tags, CS1 and CS2). For all three reactions, 50 ng of purified DNA (using QiaEx II 
Purification Kit, Quiagen Laboratories Inc.) were introduced as template and 
amplification was carried out with FastStart High Fidelity Enzyme (Roche Applied Science 
Ltd.). 
Bacterial PCR of the 16S rDNA V1-V3 gene region was carried out following the 
C0t protocol (Fluidigm: Access array system™ user guide v.3, 2010, 
http://www.fluidigm.com/user-document-request.htm). 
Fungal PCR of internal transcribed spacers (ITS) 1 and 2 and 5.8S ribosomal RNA was 
carried out at an annealing temperature of 52 C and 30 cycles of amplification. 
Algal RuBisCo rbcL gene fragment amplification was performed following a touch-down 
PCR with a variable annealing temperature for 5 cycles, descending 1.5 C per cycle 
(from 52 C to 46 C) and for 27 cycles at 45 C. 
 
Supporting information 1.2. Second PCRs and pyrosequencing specifications 
Once the first amplifications were conducted using primers containing universal 
consensus tags (CS1 and CS2), a nested PCR was carried out using the purified products 
of these previous PCRs as templates and two primers targeting CS1 and CS2, modified 
towards the 3’ end to contain the pyrosequencing adaptors A and B and a 10 bp multiple 
identifier barcode (MIDs) specific to each sampling point. The nested PCR reactions were 
set up for an annealing temperature of 60C and 8 cycles of amplification. DNA 
concentrations of different PCR products were estimated using a fluorescence method 
(PicoGreen assay, InvitrogenTM). Next, the three obtained products of amplification of 
bacterial, fungal and algal chromosomal regions for the same sampling point were 
pooled at equimolar concentrations and purified using Agencourt XP Ampure Beads 
(Beckman Coulter Inc.). Copy numbers of each genomic region were estimated by qPCR 
using the 454 titanium DNA standards primer premix kit and KAPA SYBR FAST qPCR kit 
for LC480 as mastermix (KAPA Biosystems). The final step prior to pyrosequencing 
consisted of an emulsion PCR to couple 0.08 copies of each amplified region to each 
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bead, followed by a final load of 1,580,000 beads introduced into half the picotitre plate. 
Pyrosequencing was carried out from the forward primer-end for bacteria and algae and 
from the reverse primer-end for fungi using the Roche 454 GS FLX Titanium (Roche 
Applied Science) platform.  
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Supporting information Table 1.1. Shared bacterial, fungal and algal OTUs (expressed 
as a percentage of the total number of OTUs from rarefied dataset) in each succession 
stage versus the remaining stages in the same glacier forefield or versus all the 
succession stages in its counterpart glacier forefield.  
 
Succession stage 
OTUs shared 
with 
Bacteria Fungi Algae 
SS0 
SS 9.40 17.86 42.28 
NS 23.50 17.86 53.55 
SS1 
SS 26.35 31.08 45.77 
NS 23.95 26.64 48.72 
SS2 
SS 32.61 30.01 48.68 
NS 25.09 20.33 49.81 
SS3 
SS 30.31 28.09 47.33 
NS 25.69 17.03 51.63 
SS4 
SS 31.88 43.48 49.37 
NS 33.72 31.52 49.37 
SS5 
SS 28.41 18.15 44.81 
NS 41.79 32.67 53.29 
NS0 
SS 27.21 25.34 52.90 
NS 10.89 24.28 41.14 
NS1 
SS 34.24 42.82 48.84 
NS 32.76 27.59 48.84 
NS2 
SS 33.15 16.28 48.75 
NS 29.15 30.23 50.38 
NS3 
SS 37.58 20.04 48.55 
NS 36.32 32.44 48.55 
NS4 
SS 27.03 15.34 47.13 
NS 27.67 22.61 52.37 
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Supporting information Fig. 1.1. 
 
Supporting information Fig. 1.1. Sequencing depth analyses of rarefied bacterial (a), 
fungal (b) and algal (c) communities along the SS and NS chronosequences. 
Rarefaction curves show the number of expected OTUs (vertical axes), as determined 
by the analytical algorithm described by Chao et al. (2013) and Hsieh et al. (2013), 
plotted versus the rarefied number of sequences analysed at each sampling site 
(horizontal axes). Sites/succession stages (SS0-SS5 and NS0-NS4) are indicated by the 
sae colours in the three figures. Note the difference in scale in the major taxa plots. 
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CAPÍTULO 2 
Ecología funcional de las comunidades microbianas del suelo a 
lo largo de zonas de retroceso de un glaciar en Tierra del Fuego 
(Chile) 
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Resumen 
Una cronosecuencia establecida previamente en el Glaciar Pía (Tierra del Fuego, 
Chile), la cual presenta suelos de diferentes edades, se usó como marco de trabajo para 
analizar si el desarrollo sucesional de las comunidades microbianas está acompañado 
de cambios en las capacidades funcionales microbianas. Para comprobar esta hipótesis 
se utilizó el microarray funcional GeoChip 4.0 con el objeto de identificar la diversidad 
de los genes involucrados en actividades microbianas implicadas en los ciclos del 
carbono y del nitrógeno, así como otros genes relacionados con respuesta microbiana 
al estrés y con interacciones bióticas. Los cambios en las capacidades funcionales 
reflejaron, por lo general, las variaciones en composición taxonómica microbiana en 
cada etapa de sucesión. Se observaron además cambios importantes en los procesos de 
fijación de carbono y en procesos catabólicos, así como variaciones remarcables en el 
metabolismo del nitrógeno. En las etapas iniciales, los microorganismos parecen estar 
involucrados principalmente en rutas metabólicas que ayudan a incrementar la 
disponibilidad de nutrientes en el suelo, mientras que otras transformaciones 
microbianas, tales como desnitrificación y metanogénesis o degradación de sustratos 
orgánicos complejos, parecen presentar una mayor importancia en etapas más 
avanzadas. Los cambios encontrados en las poblaciones de virus reflejaron a su vez 
cambios en la diversidad microbiana. Por el contrario, las rutas metabólicas de respuesta 
al estrés aparecieron relativamente igual representadas en todas las comunidades a lo 
largo de la cronosecuencia. Por todo ello concluimos que la utilización de los nutrientes 
es probablemente la responsable principal de los cambios sucesionales de las 
comunidades microbianas en estos suelos. 
 
Abstract 
A previously established chronosequence from Pia Glacier forefield in Tierra del 
Fuego (Chile) containing soils of different age is used as framework to postulate that 
microbial successional development along this chronosequence would be accompanied 
by changes in functionality. To test this, the GeoChip 4.0 functional microarray was used 
to identify diversity of genes involved in microbial carbon and nitrogen metabolism, as 
well as other genes related to microbial stress response and biotic interactions. Changes 
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in putative functionality generally reflected succession-related taxonomic composition 
of soil microbiota. Major shifts in carbon fixation and catabolism were observed, as well 
as major changes in nitrogen metabolism. At initial microbial dominated succession 
stages, microorganisms could be mainly involved in pathways that help to increase 
nutrient availability, while more complex microbial transformations such as 
denitrification and methanogenesis and later degradation of complex organic 
substrates, could play more important roles at vegetated successional stages. Shifts in 
viral populations broadly reflected changes in microbial diversity. Conversely, stress 
response pathways appeared relatively well conserved for communities along the entire 
chronosequence. We conclude nutrient utilization is likely the major driver of microbial 
succession in these soils. 
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2.1 Introduction 
Microorganisms play a fundamental role in the initial colonization of exposed 
soils after glacial retreat (Kandeler et al. 2006; Zumsteg et al. 2012; Brown and 
Jumpponen 2014; Rime et al. 2015). Pioneer microorganisms are responsible for most 
biological transformations and drive the development of stable and labile pools of 
nutrients (Borin et al. 2010; Bernasconi et al. 2011; Lapanje et al. 2012; Smittenberg et 
al. 2012) that facilitate the subsequent establishment of other microorganisms, and 
subsequently lichens, bryophytes and vascular plants (Grubb 1986; Sigler and Zeyer 
2002; Jumpponen 2003; de los Ríos et al. 2011; Brown and Jumpponen 2014). Soil 
microbial communities underpin carbon (C) and nitrogen (N) transformation processes 
(e.g. photosynthesis, N2 fixation, substrate decomposition, nutrient mineralization), 
which are essential for soil development and nutrient cycling in soils (Frenot et al. 1995, 
1998; Zumsteg et al. 2012; Schulz et al. 2013; Welc et al. 2014).  
 In newly exposed glacier forefield soils organic carbon levels are low and limiting 
to microbial growth (Schulz et al. 2013). In these soils, microbial carbon input is primarily 
mediated by photosynthetic carbon fixation (Nemergut et al. 2007; Zumsteg et al. 2012; 
Frey et al. 2013) but autochthonous or allochthonous organic matter breakdown can be 
also an important source of nutrients (Hodkinson et al. 2003; Bardgett et al. 2007; 
Brankatschk et al. 2011; Guelland et al. 2013). The balance between autotrophic and 
heterotrophic processes at initial stages of colonization has been suggested as a key 
factor in shaping the overall forefield development and the regulation of the associated 
biogeochemical systems (Fierer et al. 2010; Schulz et al. 2013; Bradley et al. 2014). Soil 
microbial communities are also involved in other important carbon transformations 
along glacier forefield soils such as methanogenesis and methane oxidation (Murrel and 
Jetten 2009; Bárcena et al. 2011; Nauer et al. 2012; Hofmann et al. 2013). 
Nitrogen has been identified as the main limiting nutrient in high latitude 
ecosystems and also possibly a key factor in the regulation of forefield ecosystem 
functional dynamics (Shaw and Harte 2001; Zielke et al. 2005; Bradley et al. 2014; 
Thébault et al. 2014). At initial stages of soil development the main microbial 
contribution is atmospheric N2 fixation, either by free-living or symbiotic diazotrophs 
(Raggio et al. 2012; Arróniz-Crespo et al. 2014; Bradley et al. 2014). Nitrogen can also be 
released from ancient autochthonous or allochthonous nitrogen-rich organic matter (i.e. 
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chitinolysis and proteolysis) by heterotrophic or mixotrophic microbial degradation (Duc 
et al. 2009; Sattin et al. 2009; Brankatschk et al. 2011; Schulz et al. 2013). During 
successional development of vegetation the contribution of microorganisms to nitrogen 
cycling becomes more related to the transformation of nitrogenized compounds from 
freshly deposited organic matter (Ollivier et al. 2011). Microbially mediated 
ammonification and nitrification lead to increases in bioavailable nitrogen (Deiglmayr et 
al. 2006; Kandeler et al. 2006; Hahn et al. 2013). Nitrogen may also be lost to the soil 
system due to nitrogen volatilization, via microbial denitrification, as well as leaching of 
mobile nitrates to deeper soil layers (Brankatschk et al. 2011; Ollivier et al. 2011; Schulz 
et al. 2013). 
Soil microbial communities are also heavily influenced by edaphic factors (Lauber 
et al. 2009; Griffiths et al. 2011; Roy et al. 2013; Tedersoo et al. 2014). The progressive 
changes in pH, moisture and nutrient availability that follow glacial retreat shape the 
community structure along the primary succession (Sigler et al. 2002; Sigler and Zeyer 
2004; Arróniz-Crespo et al. 2014; Meola et al. 2014). While some microorganisms can 
acclimate to shifts in abiotic factors, other taxa do not and are consequently replaced 
(Sigler and Zeyer 2004; Lozupone and Knight 2007; Schimel et al. 2007; Fierer et al. 2010; 
Meola et al. 2014). Microbial succession also involves biotic interactions that induce 
complicated network structures (Cong et al. 2015). The competition for nutrient 
resources and space among different microbial groups can be regulated by synthesis of 
antibiotics along the succession (Sigler and Zeyer 2004; Hibbing et al. 2009) and 
therefore, the detection of antibiotic resistance genes can be interpreted as the result 
of interspecific microbial interactions (Chan et al. 2013; Wei et al. 2015b). The existence 
of viruses (particularly phage) can be considered another potential biotic driver in 
primary succession, as they can exert a bottom-up regulatory effect on microbial 
communities (Breitbart et al. 2005; Koskella and Brockhurst 2014; Wei et al. 2015b).  
The Pia Glacier forefield is located at the southern slope of Cordillera Darwin 
(Tierra del Fuego, Chile). Cordillera Darwin presents c. 80% of the surface covered by an 
ice cap, although most of the glaciers located at the mountain range have been receding 
constantly since the Little Ice Age (c. between AD 1750 and 1850) (Masiokas et al. 2009). 
The area has a cool maritime climate with an average 5° C of temperature with little 
seasonal variations (Molina 1983; Burgos 1985; Santana et al. 2006). The southern 
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slopes of Cordillera Darwin receive heavy rainfall of c. 1600 mm/year (Holmlund and 
Fuenzalida 1995; Santana et al. 2006; Koppes et al. 2009; López et al. 2010). This 
forefield presents a clear sequence of moraine bands and rapid rates of vegetation 
growth and soil development, with Nothofagus tree-dominated stages present after 
only 34 years of soil surface exposure (Table 2.1, Sancho et al. 2011; Arróniz-Crespo et 
al. 2014). The vegetation pattern along the chronosequence is characterized by pioneer 
lichens (Placopsis spp. and Sterocaulum sp.) and mosses (e.g. Ditrichum cylindricarpum) 
settled in soils ice-free for 4 to 7 yrs, along with herbs (Gunnera magellanica, Uncinia 
tenuis) and, subsequently, bushes (Gaultheria mucronata, Empetrum rubrum) and 
young Nothofagus antarctica and N. betuloides at soils ice-free for 10 to 19 yrs and the 
development of Nothofagus forest at soils ice-free for more than 34 yrs (Table 2.1, see 
Fig. B.4, page 50). 
Soils located close to the glacier front (from 1 to 7 yrs being ice-free) are 
characterized by high pH, very low or undetectable total C and N contents, and low 
concentration of extractable NH4+ – N but relatively high concentration of NO3– – N 
(around 10 mg kg-1 after 4 and 7 years being ice-free, Table 1). After 10 years of soil 
exposure, significant accumulation of N, C and NH4+ – N occurs and soil development 
progresses rapidly to an organic soil within the forest, which presents high contents of 
C and N (over 39% TC and 1.5% TN), NH4+ – N (88.5 mg kg-1), NO3- – N (46.5 mg kg-1) and 
low pH (4.5) (Table 2.1). More detailed soil chemical properties along the 
chronosequence have been described in Arróniz-Crespo et al. (2014). 
We hypothesized that this rapid succession must be due, at least in part, to 
microbial conditioning nutrient cycling in soil via carbon and nitrogen transformations, 
and that succession likely involves overcoming significant abiotic and biotic stressors. 
We analyzed the functional gene profile of microbial communities using the GeoChip 4 
micro-array in order to target key gene markers for major metabolic, stress response 
pathways and interactions (He et al. 2007; Yergeau et al. 2007; Chan et al. 2013; Tu et 
al. 2014; Yue et al. 2015). This study contributes novel insight to microbial functional 
ecology in a well-defined soil chronosequence.  
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Table 2.1. Site vegetation description and environmental attributes measures along the chronosequence of Pia Glacier forefield. Only mean 
values obtained for the three sampled transects are represented. Data were obtained from Arróniz-Crespo et al. (2014). 
 
SAMPLING POINT 
(SOIL SURFACE AGE) 
Vegetation pH NH4 NO2 NO3 Inorganic N % total N % total C 
1 yr Bare soil 6.81±0.34 0 0 1.82±0.63 1.82±0.63 0 0.25±0.03 
4 yrs 
Pioneer lichens (Sterocaulon sp.) and mosses (Ditrichium 
cylindricarpum, Acroschisma wilsonii) 
6.72±0.14 1.04±0 0 12.38±5.07 13.42±4.4 0 0.24±0.025 
7 yrs Lichens (Sterocaulon sp.) and pioneer herbs (Gunnera magellanica) 5.72±0.18 5.27±2.29 0 10.12±0 12.52±2.65 0.02±0.012 0.78±0.27 
10 yrs 
Herbs (Gunnera magellanica, Uncinia tenuis, Gaultheria mucronata, 
Empetrum rubrum and young Nothofagus spp.) 
5.17±0.2 30.22±10 0 4.62±1.43 34.84±9.88 0.03±0.015 1.7±0.34 
19 yrs 
Herbs and bushes (Uncinia tenuis, Gaultheria mucronata, Empetrum 
rubrum, young Nothofagus antarctica and N. betuloides) 
5.04±0.46 37.7±9.9 0.15±0 1.65±0.05 39.5±10.72 0.22±0.11 6.61±2.81 
34 yrs Forest (Nothofagus antarctica, N. betuloides) 4.55±0.02 88.5±1.3 0.13±0 46.46±31.5 135.09±30.21 1.51±0.098 39.03±1.34 
* NH4+, NO2-, NO3- and Inorganic N are expressed in mg/kg of soil. 
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2.2 Materials and Methods 
The study was conducted along a chronosequence established in soils from the 
Pia Glacier forefield (54 46’ S 69 40’ W) of ice-free times ranging from 1 to 34 years, 
attributed using aerial photographs, dendrochronology and lichenometry (Sancho et al. 
2011; Arróniz-Crespo et al. 2014). Samples from different succession stages were 
collected during the austral summer of 2009 at sites that have been ice-free for 1, 4, 7, 
10, 19 and 34 years (Table 2.1). At each succession stage, 3 sampling points were 
selected at 3 parallel transects established along the glacier forefield, from the glacier 
terminus towards the oldest dated moraines. At each location, three surface soil 
samples (c. 0-5 cm depth) each 1m apart were aseptically recovered and pooled to yield 
a 200g composite sample for each location. Samples were directly frozen and stored at 
-20°C until processed.  
Genomic DNA was extracted using the PowerMax Soil DNA Isolation Kit (MO BIO 
Laboratories, Inc.). DNA concentrations were determined using a NanoDrop ND 1000 
spectrophotometer (Thermo Fisher Scientific™). DNA samples from the same succession 
stage (same soil surface age) were pooled in equimolar concentrations for further 
analysis. Pooled DNA samples were then concentrated using a SpeedVac concentrator 
(Savant Inc.) and purified using QiaEX II DNA Purification Kit (Qiagen Laboratories INC.). 
Functional diversity was assessed using the GeoChip 4.0 microarray. This 
comprises 84,000 50-mer oligonucleotide probes covering 141,995 gene variants from 
410 distinct functional gene families involved in microbial carbon, nitrogen, sulphur, and 
phosphorus cycling, energy metabolism, antibiotic resistance, metal 
resistance/reduction, organic remediation, stress responses, bacteriophage and 
virulence, major biogeochemical, ecological and other metabolic processes (Tu et al. 
2014). The GeoChip hybridization was carried out according to manufacturer’s 
instructions as previously described (Zhou et al. 2008). The normalized hybridization 
output data were reorganized on the basis of functional categories (in this study C and 
N cycle, stress responses, viral diversity and antibiotic resistance gene signatures) as 
previously described (Chan et al. 2013; Wei et al. 2015a). Pathway-specific GeoChip 
oligonucleotides are presented in a very large number in the analysis, creating a level of 
redundancy that allows a high degree of confidence in signal recovery, inferring 
occurrence of any given pathway (He et al. 2007).  
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 Contributions of different taxa to each metabolic pathway (C and N cycles, 
Supporting information Table 2.1 and 2.2) and stress responses were depicted using a 
heat map, where signal intensity was used as a proxy for relative abundance. 
Additionally, radar charts were constructed for gene data involved in C and N cycles 
among different sampling points and phyla. Probes that returned positive signals from 
all of the sampling points were defined as ‘ubiquitous’ genes while those with positive 
signals at only one sampling point were defined as ‘endemic’ genes. Hybridization of 
DNA from sampling points along the chronosequence was achieved with 94.56% of the 
probes on average, over a total 83,992 probes. The GeoChip dataset reported in this 
paper is publicly available at http://ieg.ou.edu/4download/. 
 Bray-Curtis similarities for functional genes among different samples were 
calculated and visualised using non-metric multidimensional scaling (NMDS) with R 
package vegan v. 2.2-1 (Oksanen et al. 2013). This was applied to all pathways except 
anammox, which was excluded from this analysis due to their occurrence in a single 
phylum (Planctomycetes). 
 
 
2.3 Results 
Functional community structure 
Among the 79,419 probes returning positive signals, 13,000 were derived from 
genes involved in carbon (C) cycle, 3,428 from nitrogen (N) cycle, and 12,471 from stress 
responses genes, while 907 corresponded to viral signatures and 260 to antibiotic 
resistance genes. The microarray analysis revealed that communities from all the 
succession stages supported potential for autotrophic, heterotrophic, diazotrophic and 
stress response pathways (Fig. 2.1, 2.2). The most taxonomically widespread functional 
genes were those involved in degradation of organic polymers (Fig. 2.1), while the most 
group-specific genes were related to anaerobic ammonium oxidation (anammox) (Fig. 
2.1). The Euryarchaeota and Proteobacteria showed the greatest metabolic diversity 
(Fig. 2.1).  
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Fig. 2.1. Distribution heatmap of carbon and nitrogen cycling genes among microbial 
taxa and succession stages. Blue color indicates non-detected signal intensity, while 
positive signals were indicated from yellow color (lower values of signal intensity) to 
red color (higher levels of signal intensity).   
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Endemic (present only in one succession stage) and ubiquitous (present in all 
successional stages) genes accounted for 22.19% and 36.16% of total detected genes 
respectively (Supporting information Fig. 2.1). Bacteria displayed the highest abundance 
of endemic (19.23%) and ubiquitous (32.73%) genes, but the lowest ratio of endemic to 
Fig. 2.2. Distribution heatmap of stress reponse genes among microbial taxa and 
succession stages. Blue color indicates non-detected signal intensity, while positive 
signals were indicated from yellow color (lower values of signal intensity) to red color 
(higher levels of signal intensity).   
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ubiquitous genes (Table 2.2a). C and N cycle and stress response pathways showed 
similar levels of endemic and ubiquitous genes abundance (Table 2.2b). The abundance 
of endemic genes for all major taxa and metabolic pathways was greater in soils ice-free 
for 7 years than at all other successional stages (Table 2.2a-b).  
 
Table 2.2. Ubiquitous (U, present in all the sampling points) and endemic (E, present 
only in one sampling point) genes. (a) Comparison among different taxa of endemic to 
ubiquitous genes ratio and percentages of endemic and ubiquitous genes total and for 
the different succession stages. (b) Comparison among different pathways of endemic 
to ubiquitous genes ratio and percentages of total endemic and ubiquitous genes total 
and for the different succession stages. 
A 
TAXA E/U (total) 
U (total) 
% 
E (total) 
% 
E (1yr) 
% 
E (4yr) 
% 
E (7yr) 
% 
E (10yr) 
% 
E (19yr) 
% 
E (34yr) 
% 
Archaea 0.89 0.97 0.86 0.12 0.19 0.31 0.10 0.07 0.07 
Bacteria 0.58 32.73 19.23 2.47 3.87 7.62 1.97 1.65 1.64 
Fungi 0.91 1.99 1.81 0.25 0.35 0.67 0.20 0.18 0.17 
Others 0.62 0.47 0.29 0.06 0.05 0.10 0.03 0.02 0.03 
 
B 
METABOLIC 
CATEGORY 
E/U (total) 
U (total) 
% 
E (total) 
% 
E (1yr) 
% 
E (4yr) 
% 
E (7yr) 
% 
E (10yr) 
% 
E (19yr) 
% 
E (34yr) 
% 
C cycling 0.59 36.84 21.78 2.91 4.36 8.30 2.30 1.97 1.94 
N cycling 0.65 34.10 22.05 2.95 4.43 8.69 2.28 1.95 1.75 
Stress resp. 0.63 36.02 26.67 2.87 4.55 9.14 2.31 1.86 1.94 
 
 
Carbon metabolism 
Autotrophy, acetogenesis, methanogenesis, methane oxidation and organic 
compound degradation genes were detected for microbial communities across all 
succession stages (Fig. 2.1, 2.3, 2.4). The potential for carbon fixation (photoautotrophy 
and chemoautotrophy) was indicated among 34 taxa among archaea, bacteria and algae 
(Fig. 2.1, 2.3a). Potential for acetogenesis was found in the Euryarcheota and 20 
bacterial taxa with strongest signals for Deltaproteobacteria, Epsilonproteobacteria and 
Sphirochaetes (Fig. 2.1, 2.3b). The potential for methanogenesis was found in 4 archaeal 
and 15 bacterial taxa, with stronger signals for bacterial taxa (Fig. 2.1, 2.3c). We 
identified 6 bacterial taxa with capacity for methane oxidation. The strongest signal was 
for Proteobacteria (especially for Betaproteobacteria) and these were evenly distributed 
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along the chronosequence. Verrucomicrobia methane oxidation genes were detected 
only in soils that were ice-free for 34 yrs (Fig. 2.1, 2.3d). The ability to carry out 
degradation of different organic compounds (e.g. starch, chitin, cellulose, lignin, pectin) 
was identified in 74 taxa among all the major domains (Fig. 2.1, 2.4) with stronger signals 
for fungal taxa at different succession stages.  
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Fig. 2.3. Radar charts depicting taxa-function relationships for the C cycling genes. 
Relative signal intensity was normalized by the number of probes per taxon and 
expressed in percentage of total activity. Values from each sampling point were 
plotted for the carbon cycling genes involved in (a) Carbon fixation; (b) Acetogenesis; 
(c) Methanogenesis and (d) Methane Oxidation. Two-character codes denote 
microbial phyla as follows: Archaea: Cr: Crenarchaeota, Ea: Euryarchaeota, Ko: 
Korarchaeota, Th: Thaumarchaeota, UA: Undetermined Archaea. Bacteria: Ap: 
Alphaproteobacteria, Bp: Betaproteobacteria, Gp: Gammaproteobacteria, Dp: 
Deltaproteobacteria, Ep: Epsilonproteobacteria, Zp: Zetaproteobacteria, UP: 
Undetermined Proteobacteria, Ac: Acidobacteria, At: Actinobacteria, Aq: Aquificae, 
Bd: Bacteroidetes, Cm: Chlamydiae, Ch: Chlorobi, Cf: Chloroflexi, CS: Candidatus 
Saccharibacteria, Cg: Chrysiogenetes, Cy: Cyanobacteria, Df: Deferribacteres, DT: 
Deinococcus-Thermus, Di: Dictyoglomi, El: Elusimicrobia, Fb: Fibrobacteres, Fc: 
Firmicutes, Fu: Fusobacteria, Gm: Gemmatimonadetes, Ig: Ignavibacteriae, Lp: 
Lentisphaerae, Ni: Nitrospirae, Pm: Planctomycetes, Sp: Spirochaetes, Sy: 
Synergistetes, Te: Tenericutes, Td: Thermodesulfobacteria, Tt: Thermotogae, Ve: 
Verrucomicrobia, Cd: Caldithrix, Ha: Haloplasmatales, Mc: Magnetococcus, Tb: 
Thermobaculum, UB: Undetermined Bacteria. Fungi: Do: Dothideomycetes, Eu: 
Eurotiomycetes, Lt: Leotiomycetes, Or: Orbiliomycetes, Pz: Pezizomycetes, Sa: 
Saccharomycetes, Sc: Schizosaccharomycetes, So: Sordariomycetes, Am: 
Acremonium, An: Aphanoclauidim, Bi: Bispora, Hu: Humicola, Tm: Thermomyces, Ag: 
Agaricomycetes, Ex: Exobasidiomycetes, Tr: Tremellomycetes, Us: Ustilaginomycetes, 
Mi: Mixiales, Pu: Pucciniales, Sb: Sporidiobolales, Ba: Undetermined Basidiomycota, 
Ms: Microsporidia, Ne: Neocallimastigomycota, Mo: Morteriellales, Mu: Mucorales, 
UF: Undetermined Fungi. Others: Cp: Chlorophyceae, Co: Cryptophyta, Dn: 
Dinophyceae, Pc: Phycodnaviridae, Ce: Chromerida, Ps: Peronosporales, Sg: 
Saprolegniales, Sn: Spirotrichonimphida. Un: Undetermined.   
Fig. 2.4. Radar charts depicting taxa-function relationships for Carbon degradation 
genes. Relative signal intensity was normalized by the number of probes per taxon 
and expressed in percentage of total activity. Two-character codes denote microbial 
phyla (see Figure 2.3).    
Ecología funcional de las comunidades microbianas | 115 
 
 
 
 
Some of the major pathways involved in C cycle were associated to specific 
succession stages along the glacier chronosequence (Fig. 2.5). Degradative pathways for 
different organic polymers (starch, pectin, lignin and chitin) were associated to microbial 
communities from soils being ice-free for 1 yr. Meanwhile, the potential for cellulose 
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degradation was associated to soils being ice-free for 1 yr but also closely positioned to 
soils being ice-free for 34 yrs. Glyoxylate cycle and different degradative pathways (e.g. 
degradation of terpenes, cutine and hemicellulose) were associated to soils being ice-
free for 19 yrs and aromatic compounds transformation to soils being ice-free for 34 yrs. 
The distribution of C-1 pathways genes (‘CH4 cycle’) was also not homogeneous: while 
potential for methanogenesis was associated to microbial communities from soils being 
ice-free for 7 yrs, bacterial methane oxidation was situated close to the subsequent 
succession stage, soils being ice-free for 10 yrs.  
 
Fig. 2.5. Two dimensional non-metric multidimensional scaling (NMDS) ordination 
plots of sampling points (Bray-Curtis similarities) showing the distribution of the 
different C-cycling pathways along the glacier chronosequence. Succession stages are 
shown in black. Genes were grouped into different categories (in red).  
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Nitrogen metabolism 
The potential for the major activities involved in N cycle (N2 fixation, 
ammonification, ammonia assimilation, nitrification, assimilatory N reduction, 
dissimilatory nitrate reduction, denitrification and anammox) was detected for 
communities across all succession stages (Fig. 2.1). N fixation genes were detected 
among 23 taxa, with the highest signals for Acidobacteria, Epsilonproteobacteria and 
Thermodesulfobacteria from different succession stages (Fig. 2.1, 2.6a). The potential 
for nitrification was found in 2 archaeal and 8 bacterial taxa, with the highest signal for 
Epsilonproteobacteria (Fig. 2.6b). We found 24 taxa among archaeal, bacterial and 
fungal domains capable to remove soil nitrate via denitrification, with the highest signals 
for different taxonomic groups (Verrucomicrobia, Deltaproteobacteria and Chloroflexi) 
at different succession stages (Fig. 2.6c). The ability to ammonification was found in a 
total 18 taxa among archaea, bacteria and fungi with highest signals for bacterial taxa 
(Fig. 2.6d). Genes for assimilatory N reduction were found in Euryarchaeota and 12 
bacterial taxa, showing the highest signals in Planctomycetes, Deltaproteobacteria and 
Deinococcus-Thermus (Fig. 2.7a). The potential for dissimilatory nitrate reduction was 
found in Euryarchaeota and 15 bacterial taxa, the highest signal were detected for 
Euryarchaeota, Deinococus-Thermus and Planctonomycetes genes (Fig. 2.7b). The ability 
to ammonia assimilation was found in a total 27 taxa among archaea, bacteria, fungi, 
algae and protozoa with highest signals for different taxonomic groups at different 
succession stages (Fig. 2.7c). The potential for annamox pathway was recognized only 
for Planctomycetes (Fig. 2.1) but with strong signal at every succession stage. 
 Nitrogen cycle pathways differed markedly along the chronosequence (Fig. 2.8). 
Most genes were associated to non-forest succession stages. N fixation gene (nifH) was 
plotted close to soils being ice-free for 1 and 4 yrs indicating that these potential are 
mainly associated to initial succession stage states. Denitrification genes were situated 
at the center of the ordination indicating that this activity is no clearly associated to a 
specific succession stage. The genes involved in nitrification were sited close to soils 
being ice-free for 1 yr, dissimilatory N reduction genes close to soils being ice-free for 7 
yrs, asssimilatory N reduction genes close to soils being ice-free for 10 yrs and ammonia 
assimilation close to soils being ice-free for 19 yrs. Ammonification genes were 
ordinated near of soils being ice-free for 1 yr and 10 yrs.   
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Fig. 2.6. Radar charts depicting taxa-function relationships for the nitrogen cycling 
genes. Relative signal intensity was normalized for the number of probes per taxon 
and expressed in percentage of total activity. Values from each sampling point were 
plotted for the nitrogen cycling genes involved in (a) N2 fixation; (b) Nitrification; (c) 
Denitrification and (d) Ammonification. Two-character codes denote microbial phyla: 
Archaea: Cr: Crenarchaeota, Ea: Euryarchaeota, Th: Thaumarchaeota, UA: 
Undetermined Archaea. Bacteria: Ap: Alphaproteobacteria, Bp: Betaproteobacteria, 
Gp: Gammaproteobacteria, Dp: Deltaproteobacteria, Ep: Epsilonproteobacteria, UP: 
Undetermined Proteobacteria, Ac: Acidobacteria, At: Actinobacteria, Aq: Aquificae, 
Bd: Bacteroidetes, Ch: Chlorobi, Cf: Chloroflexi, Cg: Chrysiogenetes, Cy: 
Cyanobacteria, DT: Deinococcus-Thermus, Fb: Fibrobacteres, Fc: Firmicutes, Fu: 
Fusobacteria, Gm: Gemmatimonadetes, Ig: Ignavibacteriae, Ni: Nitrospirae, Pm: 
Planctomycetes, Sp: Spirochaetes, Td: Thermodesulfobacteria, Ve: Verrucomicrobia, 
CM: Candidatus Methylomirabilis, Mc: Magnetococcus, UB: Undetermined Bacteria. 
Fungi: Do: Dothideomycetes, Eu: Eurotiomycetes, Sc: Schizosaccharomycetes, So: 
Sordariomycetes, Ag: Agaricomycetes. Others: Bg: Bangiophyceae, Ax: Apicomplexa, 
Ao: Armophorea, Cl: Choanoflagellida, Hx: Hexamitidae, Ic: Ichthyosporea, Kn: 
Kinetoplastida, Ol: Oligohymenophorea, Pk: Perkinsida. Un: Undetermined.   
Fig. 2.7. Radar charts depicting taxa-function relationships for the nitrogen cycling 
genes. Relative signal intensity was normalized for the number of probes per taxon 
and expressed in percentage of total activity. Values from each sampling point were 
plotted for the nitrogen cycling genes involved in (a) Assimilatory N reduction; (b) 
Dissimilatory N reduction and (c) Ammonia assimilation. Two-character codes denote 
microbial phyla (see Figure 2.6).    
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Stress responses 
Archaeal, bacterial and fungal stress response genes to cold and heat shocks, 
desiccation, osmotic and oxidative stresses and glucose, oxygen, nitrogen and 
phosphate limitation were widespread along the chronosequence (Fig. 2.2). The highest 
signals were found for the genes less taxonomically widely distributed, such as genes for 
cold shock proteins found in a few groups of bacteria, for drought tolerance found in 
Euryarchaeota and some fungal groups, and for glucose limitation detected for 
Fig. 2.8. Two dimensional non-metric multidimensional scaling (NMDS) ordination 
plots of sampling points (Bray-Curtis similarities) showing the distribution of the 
different N-cycling pathways along the glacier chronosequence. Succession stages 
are shown in black. Genes were grouped into different categories (in red).  
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Euryarcheota and a few groups of bacteria. The signals were slightly more pronounced 
at soils that have been free of ice for 1 yr for the most of the stress response genes (Fig. 
2.2).  
 
Virus signatures and antibiotic resistance 
Genes from a total of 12 viral taxa were detected along the chronosequence, 
eight corresponding to viruses with eukaryotic hosts and four infecting prokaryotes. The 
eukaryotic-infecting viral signatures included two families of ssRNA (Alphaflexiviridae 
and Narnaviridae) and four of dsRNA fungal viruses (Chrysoviridae, Hypoviridae, 
Partitiviridae and Totiviridae). One family of ssDNA (Bacillariodnavirus) and one of 
dsDNA algal viruses (Phycodnaviridae) were also detected. On its behalf, within the four 
bacteriophage families identified, two corresponded to dsDNA (Caudovirales and 
Corticoviridae), one to ssDNA (Microviridae) and one to ssRNA (Leviviridae) viruses. 
Every viral family was detected at every succession stage, except for two bacteriophage 
families, Microviridae, only present at soils being ice-free for 1 and 4 ysr, and 
Corticoviridae, only detected at soils being ice-free for 4 yrs (Fig. 2.9). Alphaflexiviridae 
(with fungi and plants as natural host) genes increase in abundance along the succession 
(Fig. 2.9). Additionally, micro-eukaryotic viruses showed relatively stronger signals than 
prokaryotic ones at every succession stage, especially at soils being ice-free for 10 and 
19 yrs (Fig. 2.10).  
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Diverse categories of fungal, bacterial and archaeal antibiotic resistance genes 
encoding for isopencillin, phenazine-1-carboxilic acid, bacitracin, erythromycin, 
lincomycin, p-aminobenzoic acid, 2,4-diacetylphloroglucinol, aminopyrrolnitrin, subtilin 
and streptomycin were detected at every sampling point (Table 2.3). The majority of 
them were of bacterial origin.  
 
 
Fig. 2.9. Relative abundance of viral families along the glacier chronosequence. Viral 
families were identified as 8 microeukaryotic-infecting viruses (6 fungal: 
Alphaflexiviridae, Narnaviridae, Chrysoviridae, Hypoviridae, Partitiviridae and 
Totiviridae; 2 algal viruses: Bacillariodnavirus and Phycodnaviridae) and 4 
prokaryote-infecting viruses (Caudovirales, Corticoviridae, Microviridae and 
Leviviridae). Every viral family was detected at succession stage, with the exception 
of Corticoviridae and Microviridae.  
Fig. 2.10. Radar charts depicting relative signal intensity (normalized for the number 
of probes per taxon and expressed in percentage of total intensity) of viral groups 
inecting eukaryotic or prokaryotic hosts at each succession stage along Pia Glacier 
forefield chronosequence.  
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Table 2.3. Relative signal intensity of antibiotic resistance genes found in the GeoChip 
data. pcbC (isopencillin N synthase) and phzF (phenazine-1-carboxilic acid) were found 
in both eukaryotes and prokaryotes. Antibiotic resistance genes for prokaryotes were: 
bacA (bacitracin), igrD (erythromycin), lmbA (lincomycin), pabA (p-aminobenzoic acid), 
phlD (2,4-diacetylphloroglucinol), phzA (phenazine-1-carboxilic acid), prnD 
(aminopyrrolnitrin), spaR (subtilin) and strR (5’-hydroxystreptomycin).  
 
    Gene 1 yr 4 yrs 7 yrs 10 yrs 19 yrs 34 yrs 
Eukaryotic Fungi 
pcbC  0.046 0.040 0.044 0.049 0.051 0.055 
phzF  0.010 0.013 0.013 0.000 0.005 0.006 
Prokaryotic 
Archaea phzF  0.005 0.004 0.000 0.000 0.000 0.000 
Bacteria 
bacA 0.013 0.014 0.014 0.015 0.019 0.015 
igrD 0.022 0.020 0.022 0.023 0.022 0.026 
lmbA 0.018 0.015 0.016 0.019 0.018 0.018 
pabA 0.032 0.036 0.042 0.033 0.032 0.032 
pcbC  0.234 0.230 0.217 0.216 0.233 0.227 
phlD 0.012 0.009 0.020 0.019 0.012 0.013 
phzA 0.103 0.102 0.086 0.112 0.110 0.105 
phzF 0.463 0.480 0.490 0.476 0.457 0.458 
prnD 0.017 0.013 0.013 0.012 0.018 0.012 
spaR 0.011 0.012 0.006 0.012 0.011 0.006 
strR 0.013 0.014 0.017 0.014 0.013 0.026 
 
 
 
2.4 Discussion 
Soil microbial communities from Pia glacier forefield differed in their putative 
functionality along the studied chronosequence. Carbon and nitrogen fixation were 
associated primarily with initial succession stages (soils ice-free for 1 and 4 yrs). Our data 
indicates chemoautotrophic pathways also operate in the forefield soil, thus expanding 
the microbial capacity to incorporate C to these soils beyond photoautotrophy, a feature 
also observed in other soils in extreme environments (Freeman et al. 2009; Chan et al. 
2013; Wei et al. 2015a). Pathways for nitrogen fixation were more commonly 
encountered for non-photosynthetic taxa. This highlights the importance of 
Proteobacteria and other taxa in nitrogen fixation, similar to observations made for 
Antarctic soils (Chan et al. 2013). Free-living Cyanobacteria, although abundant at 
certain succession stages, might have a lower contribution to the nitrogen fixation 
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process in soils than previously assumed (Crews et al. 2001; Yeager et al. 2004; 
Nemergut et al. 2007; Abed et al. 2010; Janatovká et al. 2013). 
We observed a widespread distribution of genes for pathways of organic 
polymer degradation, although an interesting pattern emerged in that early 
successional stages were dominated by bacterial pathways whereas in later successional 
stages fungal pathways were more diverse. Organic C inputs could have occurred via 
glacial runoff, wind-blown detritus or mammal and bird droppings (Anesio and 
Laybourn-Parny 2012; Schulz et al. 2013; Zumsteg et al. 2002; Bradley et al. 2014), as 
well as ancient organic matter stored beneath the ice glacier (Bardgett et al. 2007). Our 
data suggest strong potential for microbial turnover of these carbon reservoirs, 
including C-1 pathways (methanogenesis and methane oxidation), and collectively they 
may be important in oligotrophic soils (Bardgett et al. 2007; Sattin et al. 2009; 
Brankatschk et al. 2011).  
A strong phylum-specific role for microbial taxa in nitrogen cycling was indicated 
and occurrence was closely related to soil characteristics. Younger nitrogen-poor soils 
supported high levels of nitrogen fixing and ammonification pathways, but also evidence 
of pathways for net loss of nitrogen from the soil via denitrification. In soils ice-free for 
1 and 4 yrs oxygen penetration could be facilitated by the lack of soils crust structure, 
which might favor the process of nitrification (Johnson et al. 2005; Brankatschk et al. 
2013). Nitrification processes have not been previously associated to initial succession 
states of soil crusts development (Brankatschk et al. 2011), but the fast colonization 
rates observed in these soils exposed after the Pia glacier retreat (Fernández-Martínez 
et al. submitted) could facilitate a faster microbial colonization of N fixers and 
ammonifiers. The lack of nitrate plant assimilation processes can also contribute to the 
observed nitrate accumulation at soils being ice-free for 4 and 7 yrs. Dissimilatory N 
reduction (associated to soils being ice-free for 7 yrs), assimilatory N reduction 
(associated to soils being ice-free for 10 yrs) and denitrification (associated mainly to 
soils being ice-free for 7 and 10 yrs) could be facilitated by the accumulation of nitrates 
in previous succession stages. The ammonia assimilation which appeared associated to 
soils being ice-free for 19 yrs (attributed mainly to bacterial taxa) could be facilitated by 
the previous production of ammonia through bacterial assimilatory and dissimilatory N 
reduction.  
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The efficient use of available soil nutrients could be the main driver of the 
observed successional functional changes at glacier Pia forefield. At initial succession 
stages, microorganisms are mainly involved in anabolic and catabolic pathways that help 
to increase nutrient availability. The subsequent colonization by lichen, mosses and 
pioneer vascular plants is accompanied by more complex microbial transformations 
such as denitrification and methanogenesis. This phenomenon of nutrient 
microorganism-plant competence have been reported in different glacier forefields over 
the world (Hodge et al. 2000; Thébault et al. 2014; Cao et al. 2015; Zilla et al. 2015). In 
addition, the vegetation cover formed by lichen, mosses and pioneer herbs could 
facilitate the early colonization by taxonomic microbial groups with specific 
environmental requirements through their contribution to the formation of diverse 
microenvironments. Indeed for soils ice-free for 7 yrs where lichens, mosses and pioneer 
plants coexist, the proportion of endemic genes is higher, which suggests a higher 
diversity of microhabitats with favorable conditions for specific microbial activities. 
Anaerobic conditions could be favored by the water holding capacity of terricolous 
lichens (de los Ríos et al. 2011) and soil crusts (Belnap et al. 2001) thus facilitating the 
activity of methanogenic denitrifying bacteria and reducing nitrification processes 
(Johnson et al. 2005; Brankatschk et al. 2013) and inducing methanogenesis processes 
(Hofmann et al. 2013) in soils being ice-free for 7 yrs. The establishment of a consistent 
plant cover and the forest development and the consequent higher availability of 
nutrients in soils could result in dominance of catabolic microbial activities. In fact, 
organic soils from Nothofagus forest in the studied areas has been considered the major 
substrate for heterotrophic soil microbial communities (Thébault et al. 2014). The root 
exudation of carbohydrates or presence of plant litter in vegetated succession stages 
from the Pia forefield chronosequence can promote mobilization of both C and N from 
this organic matter because microbial communities have the potentials to degrade 
different organic compounds (Walton 1985; Yergeau et al. 2007; Bradley et al. 2014; Yue 
et al. 2015). Gene signatures encoding enzymes that can degrade complex organic 
substrates (starch, lignin, chitin and pectin) were associated primarily to pioneer 
communities of bacteria and fungi but they were also detected at succession stages with 
presence of Nothofagus trees and dominance of degradative fungal genes. Indeed, 
terpenes or hemicellulose degradation potentials were primarily associated to soils 
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being ice-free for 19 yrs, and the degradation of aromatic compounds (activities also 
involved in lignin degradation pathway) to soils being ice-free for 34 yrs. Metabolic 
activities involved in the degradation of complex organic compounds have been 
previously associated to highly vegetated soils from other glacier forefields located at 
the Northern Hemisphere (Bardgett et al. 2007; Hahn et al. 2013).  
The lack of significant differences in stress response gene profiles along the 
studied chronosequence indicated that this is a generalized feature for microorganisms 
colonizing Pia glacier forefield. These results do not suggest the existence of a strong 
abiotic control at this level along the chronosequence. The slightly higher signal 
detected in microbial communities close to the glacier front could be related to the 
colonization by pioneer microorganisms with a wider range of stress tolerance strategies 
than colonizers of older soils (Sigler et al. 2002; Sigler and Zeyer 2004).  
Distribution of the relevant frequency of viral signals along Pia Glacier forefield 
appeared intimately related to the presence of their potential hosts along the 
succession, suggesting that virus could play a role in potential control on microbial 
populations along this succession process. In fact, the viral activity could suppose a 
‘bottom-up’ trophic regulatory mechanism on their hosts along the studied 
chronosequence, similarly to the mechanism described for Antarctic endolithic 
microbial communities (Wei et al. 2015b). This strategy would explain the higher 
proportion of microeukaryote-infecting virus at respect to prokaryote-infecting ones 
found in soils being ice-free for 10 and 19 yrs, where extensive plant colonization 
facilitates the colonization by mycorrhizal and saprophytic fungi (Fernández-Martínez et 
al. submitted). The restricted occurrence of the bacteriophage families Microviridae and 
Corticoviridae could be associated to the increase of soil water retention associated to 
lichen and moss colonization (de los Ríos et al. 2011; Raggio et al. 2012) due to these 
families have been described associated to specific hosts from moisture-sufficient soils 
(Wei et al. 2015b). 
The identification of antibiotic resistance genes along Pia glacier forefield permit 
to suggest another potential biotic regulation of microbial community structure along 
primary succession, although marked successional patterns have not been found. The 
antibiotic resistance pathways could be involved not only in the defense against 
pathogens (Hibbing et al. 2009; Chan et al. 2013; Koskella and Breitbart 2014), but also 
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in rapid microbial competitive response induced by low availability of nutrients (Sigler 
and Zeyer 2004; Shank and Kolter 2009). This control could be characteristic of soil 
microbial communities because antibiotic resistance genes were not previously found 
in ice from Chile and Antarctica glaciers and attributed to the isolation of these areas 
(Segawa et al. 2013) 
Successional replacement of putative metabolic pathways associated to changes 
in community structure has been evident along Pia glacier forefield succession. These 
results confirmed our expectations that functional community structure changes 
parallel to primary succession. We suggest nutrient availability is a key driver for 
microbial functionality in soils.  
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2.5 Supporting infomation 
Supporting information Table 2.1. Major gene probes involved in Carbon cycling 
returning highest signal intensity. 
 
Autotrphy Calvin cycle Ribulose-1,5-bisphosphate carboxylase/oxygenase RuBisCO 
Carboxysome shell proteins csoS1/ccmK 
Carbon dioxide-concentrating mechanism protein ccmL 
Cytosolic fructose-1,5-bisphosphatase FBPase 
Glyceraldehyde 3-phosphate dehydrogenase GAPDH 
Phosphoglycerate kinase pgk 
Triosephospate isomarese TIM 
Transketolase A tktA 
Acetyl-CoA metabolism Propionyl-CoA/acetyl-CoA carboxylase pcc 
Carbon-monoxide dehydrogenase CODH 
ATP citrate lyase aclB 
Glyoxylate cycle Isocitrate lyase aceA 
Malate synthase aceB 
Acetogenesis Wood-Ljundahl/reductive Acetyl-
CoA pathway 
Formyltetrahydrofolate synthase FTHFS 
Methanogenesis Final steps of methanogenesis Heterosulfide reductase B subunit hdrB 
Methyl coenzyme M reductase mcrA 
Methane oxidation Oxidoreductase genes Soluble methane monooxigenase mmoX 
Particulate methane monooxigenase pmoA 
Carbon 
degradation 
Starch degradation Alpha-amylase amyA 
Chitin degradation Chitinase chi 
Chitin deacetylase CDA 
Acetylgucosaminidase nagA 
Hemicellulose degradation Arabinofuranosidase ara 
Xylanase xylA 
Cellulose degradation Cellobiase cba 
Endoglucanase eng 
Pectin degradation Rhamnogalacturonan acetylesterase RGAE 
Pectinase pem 
Lignin degradation Phenol oxidase PO 
Glyoxal oxidase glx 
Aromatic compounds degradation Tannase tanLpl 
Other compound degradation Cutinase cut 
Alphagalactosidase a/gla 
Inulinase inu 
Lactase lct 
Metalloprotease MP 
Phospholipase D PLD 
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Supporting information Table 2.2. Major gene probes involved in Nitrogen cycling 
returning highest signal intensity. 
 
N2 fixation Nitrogenase reductase nifH 
Nitrification  Ammonia oxigenase amoA 
Hydroxylamine oxidase hao 
Denitrification  Membranous nitrate reductase  narG 
Cu-nitrite reductase nirK 
Cytochrome-nitrite reductase nirS 
Catalytic subunits of the nitric oxide reductase cnorB/norB 
Nitrous oxide reductase nosZ 
Ammonification Urea amidohydrolase alpha subunit ureC 
Assimilatory Nitrate reduction Assimilatory nitrate reductase  narB 
Assimilatory nitrate reductase  nasA 
Periplasmatic nitrite reductase niR 
Periplasmatic nitrite reductases nirAB 
Dissimilatory Nitrate reduction  Nitrate reductase napA 
Periplasmic c-type cytochrome nitrite reductase nrfA 
Ammonia assimilation Glutamate dehydrogenase gdh 
ANAMMOX Hydrazine synthase hzsA 
Hydrazine oxidoreductase hzo 
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Supporting information Fig. 2.1. Percentage of genes detected at one (endemic), two, 
three, four, five and six (ubiquitous) sampling points along the chronosequence. These 
groups account for 22.19%, 12.79%, 10.18%, 9.03%, 9.64% and 36.16% of total detected 
genes, respectively. 
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CAPÍTULO 3 
Diversidad de los Nostoc endosimbiontes de Gunnera 
magellanica en Tierra del Fuego, Chile 
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Resumen 
El calentamiento global está causando el retroceso del hielo en glaciares de todo 
el mundo, especialmente a lo largo de las últimas décadas en algunas áreas del planeta. 
Una de las más afectadas es la región de Tierra del Fuego (en el extremo sur de 
Sudamérica). La recolonización de las áreas recientemente deglaciadas de esta región 
por parte de plantas vasculares es iniciada por Gunnera magellanica, la cual forma 
asociaciones simbióticas con el género de cianobacterias Nostoc, característica que 
probablemente confiere ventajas en este proceso de colonización. Esta asociación 
simbiótica en el género Gunnera es destacable, ya que representa la única relación 
simbiótica conocida entre angiospermas y cianobacterias. El objetivo de este trabajo fue 
estudiar la diversidad genética de los Nostoc simbiontes en Gunnera a tres niveles 
jerárquicos diferentes: individuo, población y región. Se examinaron para ello tres 
regiones genómicas diferentes: un fragmento de la subunidad pequeña del gen del ARN 
ribosomal (16S), la subunidad grande del gen de RuBisCO unida con la secuencia de su 
promotor y una proteína similar a una chaperona (rbcLX), y la región del espaciador 
interno transcrito (ITS). La identidad de Nostoc como simbionte fue confirmada en el 
tejido infectado del rizoma que se analizó. Los filotipos aislados en el presente estudio 
estaban estrechamente relacionados con otros conocidas por formar simbiosis con 
otros organismos, tales como hongos formadores de líquenes o briófitos. Encontramos 
doce haplotipos únicos en el análisis de la región 16S (subunidad pequeña) del ARNr, 
diecinueve haplotipos únicos en el análisis de la región ITS y cincuenta y siete en la 
región de las proteínas de RuBisCO (rbcLX). No se encontró variabilidad genética entre 
los Nostoc simbiontes dentro de una única planta hospedadora, mientras que las 
poblaciones de Nostoc entre diferentes plantas hospedadoras de un mismo lugar de 
muestreo revelaron diferencias importantes. Es importante destacar el hecho de que se 
encontró variabilidad interpoblacional entre suelos recién deglaciados y lugares que 
llevan más tiempo sin estar cubiertos por el hielo, así como entre lugares de muestreo 
situados más al este y los situados más al oeste y entre las vertientes norte y sur de la 
Cordillera Darwin. La estructura celular de la relación simbiótica fue observada 
mediante microscopía electrónica de barrido a bajas temperaturas (LTSEM), mostrando 
cambios en la morfología tanto de las células del cianobionte (con mayor número de 
células diferenciadas como heterocistes) como de las células de la planta (mostrando un 
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mayor tamaño). Las etapas de desarrollo de la simbiosis, incluyendo los diferentes 
estadios de las paredes celulares y de las membranas, así como de las matrices de 
exopolisacáridos (EPS), fueron también observadas. 
 
Abstract 
Global warming is causing ice-retreat in glaciers worldwide, most visibly over the 
last few decades in some areas of the planet. One of the most affected areas is the 
region of Tierra del Fuego (southern South America). Vascular plant recolonization of 
recently deglaciated areas in this region is initiated by Gunnera magellanica, which 
forms symbiotic associations with the cyanobacterial genus Nostoc, a trait that likely 
confers advantages in this colonization process. This symbiotic association in the genus 
Gunnera is notable as it represents the only known symbiotic relationship between 
angiosperms and cyanobacteria. The aim of this work was to study the genetic diversity 
of the Nostoc symbionts in Gunnera at three different, nested scale levels: specimen, 
population and region. Three different genomic regions were examined in the study: a 
fragment of the small subunit ribosomal RNA gene (16S), the RuBisCO large subunit gene 
coupled with its promoter sequence and a chaperon-like protein (rbcLX), and the 
ribosomal internal transcribed spacer (ITS) region. The identity of Nostoc as the 
symbiont was confirmed in all the infected rhizome tissue analysed. Strains isolated in 
the present study were closely related to strains known to form symbioses with other 
organisms, such as lichen-forming fungi or bryophytes. We found twelve unique 
haplotypes in the 16S rRNA (small subunit) region analysis, nineteen unique haplotypes 
in the ITS region analysis and fifty-seven in the RuBisCO proteins region (rbcLX). No 
genetic variability was found among Nostoc symbionts within a single host plant, while 
Nostoc populations among different host plants within a given sampling site revealed 
major differences. Noteworthy, inter-population variation was also shown between 
recently deglaciated soils and more ancient ones, between eastern and western sites 
and between northern and southern slopes of Cordillera Darwin. The cell structure of 
the symbiotic relationship was observed with LTSEM microscopy, showing changes in 
morphology of both cyanobiont cells (differentiate more heterocysts) and plant cells 
(increased size). Developmental stages of the symbiosis, including cell walls and 
membranes and EPS matrix states, were also observed.  
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3.1 Introduction 
Pioneer colonization by microorganisms is important for the later establishment 
of higher organisms on newly exposed substrata (Matthews 1992; Chapin et al. 1994; 
Hoppert et al. 2004; de los Ríos et al. 2011). The modification of soil conditions includes 
increased water retention, stabilization of micro- and macro- particles and incorporation 
of nutrients such as organic carbon by photosynthesis or nitrogen by nitrogen fixation 
(Liengen and Olsen 1997; Uliassi and Ruess 2002; Duc et al. 2009). These processes occur 
in a variety of environments, including recently deglaciated areas. Glacier retreat, visible 
nowadays in polar and subpolar areas of both hemispheres due to global warming 
(Rivera et al. 2000; Church and White 2006; Cazavane and Llovel 2010; Rahmstorf 2010), 
exposes to the atmosphere soils and rocks previously covered by ice. The first 
colonization events consist of psychrophilic microorganisms, including cyanobacteria 
(Wynn-Williams 1996; Vincent 2000), that may have been present in the crust under the 
ice (or within the ice itself Takeuchi 2011) or that reach the site just after exposure 
(Davey and Rothery 1993; Hodson et al. 2008). This is followed by colonization of 
exposed rocks and soil by other organisms such as lichens or bryophytes, and finally by 
the establishment of vascular plants (Grubb 1986; Frenot et al. 1995, 1998; Hoppert et 
al. 2004; de los Ríos et al. 2011). In this process, symbioses (such as lichens, mycorrhizae 
or plant-bacteria symbiotic associations) play an important role, enabling or increasing 
the colonization abilities of the organisms involved, mainly by means of nutrient 
acquisition (Walker 1993). There is a large range of plants and microorganisms able to 
establish symbiotic relationships (reviewed by Stewart 1980; Stewart 1983; Smith and 
Douglas 1987; Meeks 1998; Bever et al. 2010), including plants such as legumes or 
cycads (Ow 1999; Costa et al. 2004; Tajhuddin et al. 2010) and microbes such as 
Proteobacteria (e.g. Rhizobium) and filamentous, heterocyst-forming cyanobacteria 
(genera Nostoc and Anabaena, Rasmussen et al. 1996). Of particular interest is the 
symbiotic relationship between the plant genus Gunnera (Gunneraceae) and its 
cyanobacterial endosymbiont, Nostoc spp., as it is the only documented specific 
association between angiosperms and cyanobacteria (Bergman et al. 1992; Söderbäck 
and Bergman 1993; Rasmussen et al. 1996; Black and Osborne 2004; Osborne and 
Bergman 2009). The genus Gunnera consists of 61 species distributed mainly in the 
Southern Hemisphere, with only two species present in Tierra del Fuego (Wilkinson and 
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Wanntorp 2007). These plants are perennial herbs, ranging in size from 30 cm (G. 
magellanica) to more than 5 m (Wilkinson and Wanntorp 2007). On the other hand, the 
genus Nostoc (Nostocaceae) comprises filamentous photosynthetic cyanobacteria that 
can form motile filaments (called hormogonia) and differentiate into atmospheric 
nitrogen-fixing cells (called heterocysts); these organisms can occur in a symbiotic state 
or free-living, in both terrestrial and aquatic habitats, and show a cosmopolitan 
distribution (Dodds et al. 1995). The intracellular symbiosis of Nostoc within the host 
Gunnera and the process of infection have been extensively studied (Bergman et al. 
1992; Söderbäck and Bergman 1993; Rasmussen et al. 1996). When the symbiosis is 
established, many of the vegetative Nostoc cells become heterocysts that fix and 
transfer nitrogen to the host cell (Bergman et al. 1992). The host plant in turn exports 
carbon to the cyanobacterial symbiont and allows the cyanobacteria to expand their 
ecological niche. Multiple Nostoc strains are known to be able to establish symbiotic 
associations with different Gunnera species (Bergman et al. 1992; Rasmussen and 
Svenning 2001; Guevara et al. 2002). However, it has been addressed that a single plant 
might be associated only with a single Nostoc strain (Guevara et al. 2002) as a 
consequence of the timing and the mechanisms of the infection process. 
The aims of the present study were to investigate the genetic diversity of 
symbiotic Nostoc strains associated with Gunnera magellanica at different spatial scales: 
within the same individual host plant and within and among several populations along 
Tierra del Fuego (including retreated glaciers and nearby areas with well-established 
ecosystem). Finally, we also aimed to characterize the relationship between the 
symbionts.  
 
 
3.2 Materials and Methods 
Study area 
Gunnera magellanica specimens were collected in nine localities along Tierra del 
Fuego (XII Region, Chile). Six localities were sampled in Isla Grande, corresponding to 
areas where the glacial ice has been retreating over a period of time (Holmlund and 
Fuenzalida 1995). One locality on Península Brunswick and two on Isla Navarino were 
also sampled (Table 3.1). 
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Table 3.1. Collecting data for each of the localities studied 
 
Site Latitude Longitude 
No. of 
specimens 
Collector 
Date of 
collection 
Site 1: Isla Grande de Tierra del 
Fuego. Bahía Ainsworth  
S 54°29’10.1” W 69°36’52.4” 12 
S. Pérez-
Ortega 
December 2009 
Site 2: Isla Grande de Tierra del 
Fuego. Bahía Fitton  
S 54°25’55” W 70°7’48” 15 
S. Pérez-
Ortega 
December 2009 
Site 3: Isla Grande de Tierra del 
Fuego. Seno Agostini  
S 54°24’12” W 70°26’24” 13 
S. Pérez-
Ortega 
December 2009 
Site 4: Isla Grande de Tierra del 
Fuego. Glaciar Pía 1  
S 54°42’36” W 69°42’1” 14 
S. Pérez-
Ortega 
December 2009 
Site 5: Península Brunswick  S 53°50’46” W 71°7’0” 13 
S. Pérez-
Ortega 
December 2009 
Site 6: Isla Grande de Tierra del 
Fuego. Bahía Parry  
S 54°46’43” W 69°42’1” 12 
S. Pérez-
Ortega 
December 2009 
Site 7: Isla Grande de Tierra del 
Fuego. Glaciar Pía 2  
S 54°34’11.6” W 69°8’ 6.32” 10 
S. Pérez-
Ortega 
December 2009 
Site 8: Isla Navarino. 
Nothofagus forest  
S 54°56’55.97” W 67°38’23.40” 14 
M. Arróniz -
Crespo 
January 2011 
Site 9: Isla Navarino. Cerro 
Bandera tundra  
S 54°57’57.69” W 67°38’21.79” 
10 (7 for 
rbcLX) 
M. Arróniz -
Crespo 
January 2011 
 
 
The area is dominated by a rugged landscape, with Cordillera Darwin as the most 
important mountain range (reaching altitudes of 2,580 m.a.s.l.); high-altitude plateaus 
are also present. These sites have a maritime climate along the coast, characterized by 
hurricane-force winds and dense cloud cover (Burgos 1985). These features, combined 
with the influence of the Pacific Ocean and the peculiar, distinctive orography create a 
significant gradient of decreasing rainfall from the Atlantic towards the Pacific shore 
(500mm per year max near easternmost Site 8 and Site 9 versus 4,000mm near 
westernmost Site 5) and between north and south slope of Cordillera Darwin (Koppes 
et al. 2009). The average temperature is 5° C with little seasonal changes near the 
seaside (Molina 1983; Xercavins Comas 1984; Endlicher and Santana Aguila 1988; 
Koremblit and Forte Lay 1991). 
Maps and geographic representation were carried out using the software DIVA-
GIS and the information from its webpage (Hijmans et al. 2001). 
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Biological material 
Gunnera magellanica (Gunneraceae) is an herbaceous plant species present only 
in the southernmost region of the Southern Hemisphere. It is a perennial diploid (2n=34) 
plant that can be monoecious or dioecious, being much smaller in size compared to 
other species of the genus, which is mainly tropical. Diminutive size may represent an 
adaptation to more challenging environments (Wilkinson and Wanntorp 2007). 
Cyanobacteria-infected regions (n=181) inside the rhizome of complete Gunnera 
magellanica specimens (n= 133) were collected and stored individually at -20° C 
(samples from Sites 1-7), while the samples from Site 8 and Site 9 were immersed in 
CTAB buffer (Cetyl Trimethyl Ammonium Bromide, Cubero et al. 1999), and transported 
to the laboratory. 
From each plant, at least one symbiotic colony was extracted in aseptic 
conditions, avoiding as much as possible the inclusion of surrounding vegetal tissue, as 
well as fragments of non-cyanobacteria infected rhizome tissue from four different 
specimens used as negative controls. The DNA extraction was carried out according to 
Cubero et al. (1999), with a modification at the lysis step, extending it to a 12-hour 
length.  
 
PCR amplification and sequencing 
Three different regions from the cyanobacterial genome were amplified: a 
fragment of the 16S ribosomal RNA gene (hereafter 16S); the 16S-23S internal 
transcribed spacer (hereafter ITS); and the RuBisCO large subunit gene coupled with its 
promoter sequence and chaperon-like proteins (hereafter rbcLX). Reaction mix was 
carried out following O’Brien et al. (2005ab), completing a 25 µl-final volume, consisting 
of: dNTPs (0.2mM of each), 1.5mM of MgCl2, 0.625 units of TaqPolimerase (1 unit·µl-1 
BioTools, Madrid, Spain), 25 µg of BSA, 0.5 µM primers (forward and reverse) and 1x 
PCR buffer. The cyanobacterial specific primer pair CX-CW (Rudi et al. 1998) was used 
for the amplification of the rbcLX, using the following thermocycle conditions: a first 4-
minute step at 94° C followed by 36 cycles of three steps: 94° C for 30 s, 55° C for 30 s, 
72° C for 2 min and a final step of 72° C for 7 min. The 16S and ITS sequences were 
amplified jointly using the primer pair 359F (Nübel et al. 1997) and 373R (Wilmotte et 
al. 1993), following a ‘Touchdown PCR’ protocol, whose conditions followed Janse et al. 
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(2003): an initial step at 94° C for 5 min followed by 20 cycles of three steps: 94° C for 1 
min, 62-52° C for 1 minute (descending 0.5° C per cycle, the first being performed at 62° 
C and the last at 52° C) and 72° C for 1.5 min; 10 cycles of other three steps (94° C for 1 
min, 52° C for 1 min and 72° C for 1.5 min) and a final step of 72° C for 30 min. All PCR 
amplifications were carried out in either a MJ Mini Personal Thermal Cycler (BIO-RAD) 
or a GeneAmp PCR System 2400 (Applied Biosystems). PCR products were purified using 
the UltraClean PCR Clean-Up kit (MoBio Laboratories INC.). Both DNA directions (5’-
3’/3’-5’) were sequenced, with the same primer pairs used in the amplification step, by 
Macrogen INC. laboratories (South Korea) through its automatic standard sequencing 
service, using a 3730XL DNA sequencer under required conditions by BigDyeTM 
terminator cycle sequencing kit. DNA extracted from non-cyanobacteria infected plant 
rhizome tissue could not be amplified with the primer pairs used. 
 
Sequence alignment, genetic diversity and phylogenetic analyses 
Complementary sequences from the same specimen and DNA region were 
collapsed into contigs using SeqMan software (Lasergene v. 7.00, DNASTAR). 
Approximate identifications were obtained comparing contigs against the GenBank 
database by means of the BLAST algorithm (Thompson et al. 1994) in order to check for 
contaminations, using 97% of sequence coverage and E-value of 0.001 parameters as 
threshold in the searches. Alignments were made using the software ClustalW (Hall 
1999), implemented within BioEdit v. 7.0.9 (Huber et al. 2004), being carried out for each 
of the three genomic regions. Furthermore, rbcLX sequences obtained from the 
Gunnera specimens were aligned with sequences from Gunnera chloroplasts retrieved 
from GenBank database in order to discard previously undetected plant organelle 
contamination. Bellerophon (Atschul et al. 1990) software was used to look for possible 
chimeras in all the alignments. Datasets with ambiguously aligned regions (rbcLX gene) 
were treated with the software Gblocks v. 0.91b (Castresana 2000) prior to phylogenetic 
analyses. 
Alignments were collapsed into haplotypes with the software Collapse 1.2 (David 
Posada, available at http://darwin.uvigo.es/software/collapse.html). Genetic diversity 
measurements were computed in DnaSP v.5 (Librado and Rozas 2009). The following 
parameters were calculated: number of polymorphic or segregating sites, S; total 
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number of mutations, Eta; haplotype diversity, Hd (Nei 1987); and nucleotide diversity, 
π (Nei 1987). Statistical parsimony (Templeton et al. 1992) was used for later generation 
of genealogies (haplotype networks) using TCS v. 1.21 software (Clement et al. 2000). 
MOTHUR v. 1.21.1 (Schloss et al. 2009) was employed in order to cluster the sequences 
into OTUs (Operational Taxonomic Unit) for posterior phylogenetic analyses and for 
study of their relative abundance by the furthest neighbor method. Mantel tests were 
carried out by using the Microsoft Excel software complement GenAlEx (Smouse et al. 
2008) to test the role of geographic distance in the genetic structure of the 
endosymbionts. The genetic structure of the populations of Nostoc associated with G. 
magellanica was checked using the analysis of molecular variance, AMOVA, (Excoffier 
et al. 1992) for 16S and rbcLX genes using the software Arlequin v. 3.11 (Excoffier et al. 
2005). In these analyses, different groups were structured, in order to find out which 
factors –environmental components of the sites, approximate time of exposition after 
ice retreat (Holmlund and Fuenzalida 1995; Koppes et al. 2009) or position concerning 
Cordillera Darwin, i.e. North vs South slope– better explain the genetic variance in the 
dataset.  
Phylogenetic analyses were carried out for the 16S and rbcLX genes. Collapsed 
haplotypes were aligned by using of ClustalW (Hall 1999) with the most similar 
sequences found in BLAST searches (Thompson et al. 1994) in the GenBank database. 
Most likely nucleotidic substitution models for the alignments were searched by means 
of the software jModelTest (Posada 2008) using the Akaike information criterium 
(Akaike 1974). The GTR (General Time Reversible, Tavaré 1986) +I +G was chosen for the 
16S and the rbcLX alignments. Maximum Likelihood phylogenetic analyses (Hasegawa 
et al. 1991) were then performed, estimating support for each node using bootstrapping 
(10000 repetitions), by the Nearest Neighbor Interchange method (NNI) implemented 
in the software MEGA 5.05 (Tamura et al. 2011). Phylogenetic analyses based on 
Bayesian inference (Yang and Rannala 1997) were carried out with Mr. Bayes software 
(Ronquist and Huelsenbeck 2003), performing 30 mill generations for 16S and 17 mill 
for rbcLX.  
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Low Temperature Scanning Electron Microscopy (LTSEM) 
Small pieces of vegetal tissue hosting cyanobacterial colonies were observed by 
LTSEM method by being mechanically ﬁxed onto the specimen holder of a cryotransfer 
system (Oxford CT1500), plunged into subcooled liquid nitrogen, and then transferred 
to the microscope’s preparation unit via an air-lock transfer device following the 
protocol described by de los Ríos et al. (1999). The frozen plant tissue was cryo-fractured 
in the preparation unit and transferred directly via a second air lock to the microscope 
cold stage, where it was etched for 2 min at −90° C. After ice sublimation, the etched 
surfaces were sputter-coated with gold in the preparation unit and the tissue then 
placed on the cold stage of the SEM chamber. Fractured surfaces were observed under 
a DSM 960 Zeiss SEM microscope at −135° C. 
 
 
3.3 Results 
Fifteen plants from different sampling sites were used for the intra-specimen 
diversity study. 63 sequences for each of the three genomic regions were obtained by 
the amplification of DNA extracted from the colonies (with at least three sequences 
from different colonies per plant) for the intra-specimen diversity study. The sequences 
obtained from different colonies within the same host specimen were identical. Further, 
analyses of tissue from 133 plants generated 113 sequences each for the 16S and ITS 
regions and 110 for the rbcLX from those same specimens of Gunnera magellanica that 
were subsequently used for the population study level. All sequences were identified as 
belonging to Nostoc through BLAST searches in GenBank. Moreover, no chimeras were 
found in any alignment by the Bellerophon software analysis 
Polymorphism analyses for each genomic region and for each sampling site 
showed different ranges of genetic diversity (Table 3.2). All polymorphic parameters for 
16S showed their lowest values in Site 1 and Site 9. ITS region presented its lowest values 
for every parameter in Site 1. However, rbcLX gene region reached its lowest values for 
most of the polymorphic parameters in Site 2 and Site 9, except for haplotype diversity, 
which was reached in Site 1. In 16S gene analyses, highest levels for each parameter 
were reached in Site 3. Parameters for ITS chromosomal region reached these maximum 
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values in Site 2 and for rbcLX gene in Site 3, but for haplotype diversity, which reached 
its maximum value in Site 5 for both regions. 
 
Table 3.2 Analysis of symbiotic Nostoc sequences diversity based on three genomic 
regions.  
Parameters 
Genomic regions 
16S ITS rbcLX 
General results    
No. of sequences 113 13 110 
Sequece length (no. of 
nucleotides) 
1040 88 907 (630) 
Total no. of analysed sites 1040 80 619 (461) 
Max. no. of total 
haplotypes 
12 19 57 (32) 
No. of polymorphic sites 
(S) 
41 (sites 1-9/site 3) 26 (site 1/site 2) 115 (81; sites 2-9/site 3) 
Total no of mutations 
(Eta) 
45 (sites 1-9/site 3) 33 (site 1/site 2) 152 (85; sites 2-9/site 3) 
Haplotypes    
Haplotype diversity (Hd) 0.787±0.02 (sites 1-9/site 3) 
0.841±0.017 (site 
1/site 5) 
0.920±0.017 (0.867±0.018; site 
1/site 5) 
Nucleotides    
Diversity (π) 0.01606 (sites 1-9/site 3) 0.05783 (site 1/site 2) 0.06922 (0.04753; site 2-9/site 3) 
Average no. of nucleotide 
differences (k) 
16.702 (sites 1-9/site 3) 4.627 (site 1/site 2) 31.978 (21.910;sites 2-9/site 3) 
For rbcLX, after-Gblocks results appear between parentheses. Sampling sites with the 
lowest and the highest values appear between brackets for all genomic regions. 
 
 
Haplotypes found in each site and their relative abundance for 16S, ITS and rbcLX 
regions are shown in Figs. 3.1, 3.2 and 3.3, respectively. For the 16S gene, the lowest 
diversity was found in Site 1 and Site 9 with only one haplotype, followed by Site 6 and 
Site 7 with two. The greatest diversity was found in Site 5 (five haplotypes). Except for 
Site 7 and Site 3, the rest of sites showed a predominant haplotype (Fig. 3.1). Most of 
the haplotypes seem to be fixed; eight of them occurred in only at a single locality. On 
the other hand, haplotype 12 (present in two sites) and haplotypes 1, 2 and 5 (present 
in four sites) showed a broader distribution. 
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For the ITS region, only Site 1 showed one unique haplotype, whereas the rest 
showed at least two (Fig. 3.2). Site 5 showed the highest diversity with eight haplotypes. 
All sampling sites showed a predominant haplotype except for Site 7 and Site 3, 
represented by two equally abundant haplotypes. The broadest distribution 
corresponded to haplotypes number 1 and 6 (occurring in four sites), followed by 2 and 
14 (three sites) and 4, 10 and 18 (two sites). 
Fig. 3.1. Map of sampling area showing haplotypic diversity in different sites and 
relative abundance of each haplotype for 16S gene data. 
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Regarding the rbcLX region, all sites showed more than one haplotype (Fig. 3.3). 
Site 9 showed the lowest number of haplotypes (two), while Site 5 showed the highest 
genetic diversity with twelve haplotypes. Every site had a haplotype with more 
sequences than the others within it, except for Site 1 and Site 6, which showed two and 
three respectively with the same number. Haplotypes number 2 and 11 showed the 
broadest distribution, being present in four sites; haplotype 31 occurred in three sites, 
and the rest occurred only in one site. 
Fig. 3.4 shows how unique haplotypes are related by statistical parsimony, and 
their distribution among sampling sites, for the sequences of genomic 16S gene (a) and 
ITS (b) regions. Two unconnected groups under a 95% parsimony criterion (Templeton 
et al. 1992) were found in the haplotypes of the 16S ribosomal gene (Fig. 3.4a). The first 
includes 59 sequences in four haplotypes (I, II, III, IV), while the second includes the 
other 44 sequences in 8 haplotypes (V, VI, VII, VIII, IX, X, XI, XII).  
Fig. 3.2. Map of sampling area showing haplotypic diversity in different sites and 
relative abundance of each haplotype for ITS genomic region data. 
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On the other hand, haplotypes from the ITS region were included in five different 
groups in the network analysis (Fig. 3.4b). Three of them (xvii, xviii, xix, with 5, 1 and 2 
sequences, respectively) were shown to be completely separated from the rest; two (xv, 
xvi, with 11 sequences) were only related to each other, while the fourteen remaining 
haplotypes (67 sequences) showed connection under this probability criterion.  
 
 
Fig. 3.3. Map of sampling area showing haplotypic diversity in different sites and 
relative abundance of each haplotype for rbcLX gene data. 
Fig. 3.4. Statistical parsimony networks depicting relationships among analyzed 
haplotypes. Each circle represents one haplotype and its surface area is directly 
related with the number of sequences integrated in it. Roman numerals refer to 
posterior comments. Red dots along branch lines represent the number of nucleotide 
substitutions between two haplotypes. (a) Haplotypes found in the sequences of 16S 
gene dataset; (b) Haplotypes found in the sequences of ITS region dataset.  
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For the 16S gene, at the level of 3% dissimilarity (indicating putatively distinct 
species) 2 OTUs were found, while at 5% dissimilarity (indicating congeneric taxa) a 
single grouping was observed (Table 3.3). The ITS region showed 12 OTUs while the 
rbcLX gene presented 23 OTUs (6 after Gblocks trimming), using 3% sequence 
dissimilarity. For the 5% cut-off value, the number of OTUs was reduced to 8 for ITS and 
to 15 (4 after trimming) for rbcLX. Only at 20% dissimilarity for ITS and at 18% (8% if 
Gblocks trimming is applied) for the rbcLX gene could 2 OTUs be recognized. These two 
OTUs included the same specimens independently of the analyzed genomic region.  
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Table 3.3 Number of OTUs and the number of sequences in the most common OTU 
obtained under different dissimilarity cut-off levels. 
 
OTUs Genomic region 
% cut-off value 16S ITS rbcLX 
No. of OTUs    
Unique 12 19 57 (32) 
1% 4 19 38 (13) 
2% 2 14 28 (7) 
3% 2 12 23 (6) 
5% 1 8 15 (4) 
No. of seqs. In the most common OTU 
Unique 36 30 22 (28) 
1% 49 30 25 (39) 
2% 59 49 28 (47) 
3% 59 50 30 (50) 
5% 113 55 30 (50) 
 
 
The haplotype distribution through the sampling area could reflect different 
environmental gradients. Fig. 3.5 shows the response of Hd values with respect to three 
environmental factors. Fig. 3.5a shows a clear trend of Hd increasing with longitude rise 
of the sampling areas for the three genomic regions, although low r2`s and no significant 
p-values were found in all the cases. Evolution of Hd values for the three genomic 
regions in relation to time since ice retreat (Fig. 3.5b) and slope in the Cordillera Darwin 
(Fig. 3.5c) are also represented. Fig. 3.5b shows there is a trend of higher Hd values in 
areas of longer times since deglaciation, while in Fig. 3.5c higher Hd values correspond 
to Northern sites. A Mantel test showed relatively low correlation between geographic 
and genetic distances (0.125, p-value<0.01). Position concerning Cordillera Darwin was 
revealed as the most determining within the factors analyzed, with percentages of 92.5 
and of 63.05 of variance explained (p-value<0.01) through AMOVA analyses for 16S and 
for rbcLX gene regions, respectively (Table 3.4, North vs. South location). Other factors 
considered, such as the location of the sampling site in retreating glacer areas and the 
time since ice retreated, were less explicative trhough independent factor analyses 
(Table 3.4).  
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Table 3.4 Results from AMOVA testing for 16S and rbcLX genomic regions. 
 
Genomic 
region 
Analysed parameter Percentage of variation explained 
  
Among 
populations 
Among populations 
within groups 
Within 
populations 
16S Glacier settlement 54.54% (p=0.000) 33.02% (p=0.118) 19.02% (p=0.000) 
 
Time since ice 
retreat 
60.90% (p=0.000) 28.32% (p=0.072) 21.02% (p=0.000) 
 
North vs. South 
location 
92.50% (p=0.002) 10.69% (p=0.619) 25.24% (p=0.000) 
rbcLX Glacier settlement 49.90% (p= 0.000) 14.56% (p=0.218) 35.54% (p=0.000) 
 
Time since ice 
retreat 
54.30% (p=0.000) 7.81% (p=0.208) 37.89% (p=0.000) 
 
North vs. South 
location 
63.05% (p=0.005) 2.81% (p=0.429) 39.77% (p=0.000) 
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The 16S phylogenetic tree showed haplotypes clustered into four different 
groups (Fig. 3.6). All these groups were relatively close to sequences of different known 
species retrieved from the GenBank database in BLAST searches. Thus, haplotypes V, VI, 
VII, VIII (group I) and haplotypes XI and XII (group II) were closely related to N. 
edaphicum (strain X); haplotypes I, II, III and IV (group III), together with other sequences 
obtained from Gen Bank, resulted in a group sister to N. sphaeroides (strain HBHF0604) 
and finally, haplotypes IX and X (group IV) were clustered in a supported clade that 
includes N. flagelliforme (strain IMGA0408). In majority of cases, the most closely 
related strains corresponded to sequences from uncultured Nostoc found in symbiosis 
with hepatics or lichen-forming cyanobacteria (bi- and tripartite lichens). related strains 
corresponded to sequences from uncultured Nostoc found in symbiosis with hepatics or 
lichen-forming cyanobacteria (bi- and tripartite lichens). 
 
 
 
Fig. 3.5. Hd values for sampling sites concerning the different environmental features 
taken into account in present study. (a) Variation in Hd values in response to 
Longitude coordinate of sampling sites. Hd values are represented for the three 
genomic regions: diamonds for 16S values and solid line for 16S tendency, squares 
for rbcLX values and dotted line for rbcLX tendency and triangles for ITS values and 
discontinuous line for ITS tendency. (b) Hd values for sampling sites, split into two 
groups showing sites in recently deglaciated areas (left) and previously deglaciated 
areas (right). Hd values are represented for the three genomic regions: light grey for 
16S, grey for ITS and dark grey for rbcLX. (c) Hd values for sampling sites, split into 
two groups showing northern sites (left) and southern sites (right). Hd values are 
represented for the three genomic regions: light grey for 16S, grey for ITS and dark 
grey for rbcLX. 
Fig. 3.6. Phylogenetic 50% majority rule tree for 16S gene dataset. Lines in bold show 
branches that are supported in Bayesian analysis (PP>0.95); those showing ML are 
supported only in maximum likelihood analysis (BP>0.70); those marked with  are 
supported in both analyses. Line under the tree represents substitutions per site 
scale. Roman numerals refer to posterior comments.  
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Phylogenetic analyses for rbcLX gene haplotypes (Fig. 3.7) showed that all the 
haplotypes were also clustered in four major groups, with 14, 10, 6 and 2 haplotypes, 
respectively. The four groups are closely related to Nostoc sequences obtained from 
other symbiotic associations (mainly of the cyanolichen genus Peltigera, especially for 
the second and third groups). These groups could not be easily assimilated within known 
Nostoc taxa. The first and second groups seem to be close to Nostoc known from lichen 
symbioses; the third group is also close to a symbiotic Nostoc from a lichen, but in this 
case to the photobiont of Massalongia carnosa, which appears far from the others in 
the analysis. Finally, the fourth group is likely close to these Nostoc from different 
lichens, but also to N. flagelliforme.  
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The biotrophic interface between symbiotic Nostoc and G. magellanica cells was 
analyzed by LTSEM (Fig. 3.8). Infected Gunnera cells were numerous with larger size and 
more rounded shape (Fig. 3.8a) than uninfected ones (0 in Fig. 3.8b). This was especially 
noteworthy in later stages of infection (III in Fig. 3.8b). Earliest stages (I in Fig. 3.8b) are 
characterized by the intracellular location of a few Nostoc cells in some host cells. 
Penetration of small Nostoc cells through host cell wall was detected at these stages 
(arrow in Fig. 3.8c), which may represent first steps of infection. Microsymbiont cells 
were generally observed positioned close to plant cell wall (arrowheads in Fig. 3.8c). 
Nostoc cells appeared surrounded by host plasma membrane and embedded in a matrix 
of extracellular polymeric substances (EPS) (asterisk in Fig. 3.8c). In later stages of 
infection (II and III in Fig. 3.8b), host cells appeared colonized by filaments of Nostoc 
vegetative cells with numerous heterocysts (Fig. 3.8d and 3.8e). These latter cells were 
distinguishable by their larger size and a slightly thickened cell wall. Filaments containing 
heterocysts appeared embedded in an EPS matrix (asterisks in Fig. 3.8f). 
 
 
Fig. 3.7. Phylogenetic 50% majority rule tree for rbcLX gene with collapsed 
haplotypes/OTUs after Gblocks trimming. Lines in bold show branches that are 
supported in Bayesian analysis (PP>0.95); those showing ML are supported only in 
maximum likelihood analysis (BP>0.70); those marked with  are supported in both 
analyses. Line under the tree represents substitutions per site scale. “Haplotype 1” 
also comprises haplotypes/OTUs 33, 34, 35, 49 and 50; “Haplotype 2” comprises also 
haplotypes/OTUs 41, 52 and 53; “Haplotype 11” comprises also haplotypes/OTUs 36, 
7, 38, 46, 47, 48, 54, 55 and 56; “Haplotype 12” also comprises haplotype/OTU 39; 
“Haplotype 26” also comprises haplotype/OTU 57; “Haplotype 27” also comprises 
haplotypes/OTUs 40 and 42; “Haplotype 31” also comprises haplotypes/OTUs 43, 44, 
45 and 51. Roman numerals are only for easier interpretation of posterior comments. 
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3.4 Discussion  
Results showed that every G. magellanica endosymbiont analyzed belongs to the 
genus Nostoc, but different species are involved in the Gunnera-Nostoc symbioses 
studied. This is consistent with previous studies that identified Nostoc as symbiont of 
Gunnera (Bergman et al. 1992; Bergman 1996; Rai et al. 2000; Rasmussen and Svenning 
2001; Svenning et al. 2005), including the South Chilean host species used in the present 
study, G. magellanica, and the nearby G. tinctoria (Bonnet and Silvester 1981; Guevara 
et al. 2002). However, previous studies included only a few specimens of G. magellanica. 
The extensive sampling of different colonies in the same Gunnera specimen and in 
different specimens from diverse sites provided a better perspective on symbiont 
diversity at different levels and also some clues about the factors influencing these 
Fig. 3.8. LTSEM images of Gunnera magellanica tissue infected with Nostoc. (a) 
Infected root tissue of G. magellanica; Gunnera cells containing Nostoc cells 
(asterisks) are larger than uninfected ones, also shown; (b) Area of root showing plant 
cells in different stages of infection by Nostoc cells. “0”: uninfected plant cell; “I”: 
plant cells at earliest stages of infection, with few Nostoc cells inside them; “II”: 
intermediate stage of infection, with larger size and higher number of symbionts; 
“III”: plant cell at mature infection stage, showing largest more numerous symbionts 
within it and with well-developed EPS matrix. (c) Infected Gunnera cell at an early 
stage of infection. Asterisk marks a filament of vegetative Nostoc cells embedded in 
EPS matrix. Arrowheads point to Nostoc symbiotic cells close to plant cell wall while 
arrow indicates Nostoc cell penetrating through host cell wall (first steps of infective 
processes). (d) Plant cell at a later infection stage (III), containing numerous filaments 
of Nostoc vegetative cells (V) with numerous heterocysts (H) distinguishable by larger 
size and thickened cell wall. Arrow points to the heterocysts cell wall showing 
thickness. (e) Infected host cell showing numerous Nostoc filaments in the proximity 
of its cell wall. Filaments of small vegetative cells are observed closely associated to 
the host cell wall (arrowhead). Filaments containing heterocysts (H) were located 
inwardly. GCW: Gunnera cell wall. (f) Detail of an infected host cell at an intermediate 
stage of infection (II), showing Nostoc cells bounded by host cell plasma membrane 
and associated with EPS fibers (asterisks). Arrows point to the three layers 
sourrounding Nostoc cell inside the host cell: Gunnera plasma membrane (GM), 
Nostoc cell wall (NW) and Nostoc membrane (NM).  
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diversity values. The phylogenetic position of the different Nostoc symbionts found in 
G. magellanica species has been analyzed for the first time.  
No genetic variability was detected in Nostoc sampled from the same host 
specimen of G. magellanica (sequences from 15 plants). Following these results, it is 
possible to state that each plant was likely infected by a single strain. These results agree 
with those obtained in different species of Gunnera using fingerprinting technique 
(Guevara et al. 2002). The lack of intra-specimen variability has also been reported for 
other Nostoc symbiotic associations, especially those formed with bryophytes or lichen-
forming fungi (Paulsrud and Lindblad 1998; Costa et al. 2001). Bonnet and Silvester 
(1981) found similar conclusions by means of Nostoc inoculation assays in Gunnera 
plants, suggesting further that not every strain is able to infect every plant. 
Nevertheless, Nilsson et al. (Nilsson et al. 2000) isolated more than one strain from one 
single infection in Gunnera, identifying them by using STRR-PCR fingerprinting on 
cultures. Thus, present results and those obtained in cited studies point at a process of 
selection of symbiont strains by the plant that could occur at a very early stage of the 
infection process. This early selection might inhibit a second infection by other strains 
of cyanobacteria (Meeks and Elhai 2002).  
By contrast, genetic diversity analysis showed high intra- and intersite variability 
of G. magellanica Nostoc symbionts in Tierra del Fuego, in spite of the short distance 
between the easternmost and the westernmost sites (c. 350 km). Our results showed a 
genetic diversity gradient from the most internal sampling areas (central part of Isla 
Grande de Tierra del Fuego) to the most external ones (areas near oceanic coast) (Figs. 
3.1, 3.2, 3.3). Sites with lower haplotype diversity values (coincident results for the three 
studied genomic regions) were those where glacier retreat occurred most recently 
(since the later Late Glacial period, 10 ka) (Holmlund and Fuenzalida 1995; Rabassa et 
al. 2011). On the other hand, higher haplotype diversity values were found in sites close 
to areas where ice disappeared in earlier times (Last Glacial Maximum and first Late 
Glacial periods, 20-15 ka) (Holmlund and Fuenzalida 1995; Rabassa et al. 2011). This 
tendency is also shown in Fig. 3.5b, despite uneven Hd values for different sites. Similar 
results were found by Nemergut et al. (2007) in a glacier foreland of the Peruvian Andes. 
Easternmost sites 8 and 9 (located in very close forest and tundra areas) did not show 
high haplotype diversity values as expected from the length of time since ice retreat 
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(Rabassa et al. 2011) and the presence of stable vegetation in the area (Markgraf and 
Huber 2010). The lower diversity observed at these sites might be more influenced by 
the low precipitation values for both sites, and the tundra environment conditions in 
Site 9 (Koppes et al. 2009). High precipitation values may benefit the development of 
both Nostoc and G. magellanica because of their physiological requirements (Wilkinson 
and Wanntorp 2007), and this could favor the Nostoc symbiotic diversity as well as 
hormogonia (infective filaments) development (Herdman 1988; Gantar et al. 1993). This 
development could drive to a more intense infection processes of all competent Nostoc 
strains of the area. In fact, higher degrees of Nostoc diversity was indeed found in 
sampling sites 3, 4, 5 and 7, areas where precipitation is more abundant. This 
precipitation regime is due to proximity of the Pacific Ocean (Holmlund and Fuenzalida 
1995; Koppes et al. 2009) and southern exposure on a slope of Cordillera Darwin (Molina 
1983; Koppes et al. 2009), as well as more stable surrounding vegetation (Markgraf and 
Huber 2010). These results agree with AMOVA testing for independent factors, which 
showed that location with respect to the Cordillera Darwin was the factor that most 
explained the genetic variance (Table 3.4). Moreover, low correlation between 
geographic and genetic distances, showed by means of a Mantel test, suggests that 
diversity of Nostoc strains associated to G. magellanica at each site is influenced not 
only by the geographic position but also by a combination of several factors.  
Regarding the presence or absence of different symbiotic Nostoc strains in each 
sampling site, it is noteworthy that while some of haplotypes were present only in 
sampling sites furthest from the ocean (where ice-retreatment happened later), others 
were only shared among sites close to the ocean. This could mean that specific Nostoc 
strains might be predominant in the early stages after glacial ice retreat, as was found 
in analyses of NifH gene sequences in a retreating alpine glacier (Duc et al. 2009). Further 
investigations of Nostoc haplotypes from soil and in symbiosis with G. magellanica, 
including Fuegian samples as close as possible to glacier ice might help to test this fact. 
The finding of two OTUs by the analysis of the 16S region of ribosomal RNA gene 
using a dissimilarity cut-off value of 0.03 (Martínez-Murcia and Collins 1990; Collins et 
al. 1991; Amann et al. 1992; Fox et al. 1992; Martínez-Murcia et al. 1992) may indicate 
the presence of two distinct species. Moreover, following Hart and Sunday (2007), the 
existence of two isolated networks of haplotypes with a 95% parsimony probability 
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criterion, might point to the presence of two species as well. However, four different 
taxa would be distinguished following the assumptions of Stackebrand and Ebers (2006): 
these latter authors, based on data correlation between sequence similarity and DNA-
DNA reassociation experiments, considered that for prokaryotes a cut-off value of 99% 
is required to discriminate between two species. In fact, phylogenetic analysis (for 16S 
and also for rbcLX) showed that haplotypes analyzed were clustered in four groups (Fig. 
3.6, 3.7). At a higher taxonomic level (using a cut-off value of 0.05, following Martínez-
Murcia and Collins 1990; Collins et al. 1991; Fox et al. 1992; Martínez-Murcia et al. 1992) 
all the 16S gene sequences were included in one group, indicating the presence of only 
the genus Nostoc. 
The clusterings obtained by rbcLX sequences (without any trimming of 
ambiguously aligned regions) and ITS ones were equivalent to that obtained for 16S one 
only when lowest cut-off values were used. The two groups resulted from 16S sequences 
using a 3% dissimilarity cut-off could also be obtained for both ITS and rbcLX genomic 
regions using cut-off values of approximately 20% dissimilarity. Indeed, these groups for 
16S, ITS and rbcLX were composed of sequences obtained from the same specimens. 
Rudi et al. (1998) found that, depending on the Nostoc lineage of interest, rbcLX region 
sequences divergence displays a 2 to 35-fold-higher difference compared to 16S. With 
this taken into account, our results may point to the possibility of using ITS and rbcLX 
genomic regions not only for populational studies (García-Martínez et al. 1999; Han et 
al. 2009), but also for taxonomic purposes. Further analyses using a broad range of 
cyanobacterial groups are necessary to determine the optimum cut-off values for 
delimiting taxonomic groups by using sequence similarity in ITS and rbcLX regions, 
extending the criteria beyond 16S results. 
Nostoc haplotypes obtained in the present study have been shown to be closely 
related to N. edaphicum, N. sphaeroides, and N. flagelliforme by analysis of 16S 
sequences. A correspondence to N. flagelliforme was also found in rbcLX analysis; this 
Nostoc species has been found before in symbiosis with other Gunnera species 
(Svenning et al. 2005). It is remarkable that many of our haplotypes showed close 
relationship to sequences from symbiotic Nostoc of different groups of organisms found 
in the northernmost areas of Europe. For instance, the sequences clustering with N. 
edaphicum were related to the Nostoc strains SKS2, KVJ2 or KVJ4, found in hepatics 
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(retrieved from the GenBank database, not published), while those clustering with 
Nostoc flagelliforme were related to cyanolichen symbionts from China (Svenning et al. 
2005). 
The intracellular position of symbiotic Nostoc cells within Gunnera magellanica 
has been confirmed using LTSEM. This observation was in agreement with what other 
authors have found using other microscopy techniques, such as TEM (Silvester and 
McNamara 1976; Towata 1985). As far as we are aware, the Nostoc-Gunnera symbiosis 
has not been previously examined with LTSEM. This technique allowed us to visualize 
the EPS matrix in which filaments of Nostoc cells are immersed through the infection 
process. Penetration of Nostoc cells through host cell walls and location outside the host 
plasma membrane could also be observed and different stages of infection 
characterized. The infection started with the penetration of small vegetative cells 
through the host cell wall (I); in later stages (II and III) filaments of Nostoc containing 
vegetative and heterocysts cells progressively occupied the entire host cell, as a host cell 
size increasing. All morphological and ultrastructural features were in agreement with 
those described in previous TEM studies (Silvester and McNamara 1976; Han et al. 
2009). Further observations with this technique at different stages of host colonization 
by Nostoc cells could increase our understanding of infection and symbiotic Nostoc 
differentiation processes.  
From the results obtained in this study we conclude that an individual Gunnera 
magellanica specimen takes up and hosts only one Nostoc strain. Although the Nostoc 
genetic diversity values can vary when using different markers (16S, ITS or rbcLX 
regions), we found a maximum of four species of Nostoc occurring in symbiosis with 
Gunnera magellanica in the populations analyzed. The span of time for which soils have 
been exposed to environmental conditions and the precipitation regime were 
recognized as the two prime factors influencing the values of diversity of symbiotic 
Nostoc in Gunnera magellanica specimens from distinct sites in Tierra del Fuego. 
Through symbiosis, Nostoc may be extending its ecological niche sheltered from 
external predators. In this way, pioneer strains might persist in certain localities while 
new colonizations increase the diversity of Nostoc recognizable species by means of a 
dynamic process. Further studies comparing the diversity of Nostoc strains present in 
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soils to those found in Gunnera plants are necessary to assess the degree of selectivity 
in this cyanobacteria-angiosperm symbiosis.  
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“El tiempo no es oro: el oro no vale nada. 
El tiempo es vida” 
José Luis Sampedro 
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E. DISCUSIÓN GENERAL  
 
Los suelos descubiertos por el retroceso de glaciares en Tierra del Fuego 
presentan una extensiva colonización microbiana por parte de bacterias, hongos, algas 
arqueas y virus. Estos microorganismos, componentes mayoritarios en las etapas 
iniciales de la sucesión, y parte importante de las comunidades más complejas de etapas 
posteriores, muestran una gran diversidad funcional que cambia a lo largo del proceso 
sucesional en concordancia con los cambios en su diversidad taxonómica. El uso 
conjunto de diferentes técnicas de estudio, tal y como ha sido sugerido con anterioridad 
por otros autores (Schuster 2008; Zhou 2009; Hirsch et al. 2010; Loman et al. 2012; Zhou 
et al. 2015), ofrece una amplia perspectiva de esta diversidad taxonómica y funcional de 
las comunidades microbianas, lo que ha permitido caracterizar con gran detalle los 
procesos de sucesión en estos terrenos descubiertos tras el retroceso de glaciares de la 
región chilena. Los resultados de esta tesis doctoral sugieren que la estructura de las 
comunidades microbianas no depende solo del tiempo que llevan deglaciados estos 
terrenos, mostrando a su vez patrones similares a los descritos en zonas semejantes de 
otras latitudes, tanto del Hemisferio Sur (Nemergut et al. 2007; Bajerski y Wagner 2013; 
Ciccazzo et al. 2015), como aquellas, mucho más estudiadas, del Hemisferio Norte 
(Kandeler et al. 2006; Bardgett et al. 2007; Hawes 2008; Schutte et al. 2009, 2010; 
Brankatschk et al. 2011; Wu et al. 2012; Zumsteg et al. 2012; Frey et al. 2013; Schulz et 
al. 2013; Brown y Jumpponen 2014; Ciccazzo et al. 2015). Sin embargo, la dinámica de 
sucesión microbiana (i.e. tasas anuales de recambio de taxones y cambios en la 
diversidad de genes funcionales entre etapas sucesionales) en estos glaciares de Tierra 
del Fuego es más rápida que las descritas para la gran mayoría de áreas deglaciadas.  
 
 
E.1 Diversidad taxonómica y funcional de las comunidades microbianas a 
lo largo de las cronosecuencias 
Los suelos de las etapas iniciales de la sucesión de los glaciares de Tierra del 
Fuego estudiados, Pía y Parry, se caracterizan por presentar una baja disponibilidad de 
nutrientes (v. Arróniz-Crespo et al. 2014), así como un escaso grado de desarrollo 
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(Thébault et al. 2014). Los microorganismos presentes en estos suelos pueden haber 
sido transportados por el aire, desde áreas más o menos limítrofes o desde capas 
superiores del propio glaciar, así como a través del agua de deshielo, pudiendo también 
haber sido depositados por las precipitaciones en forma de lluvia o nieve (Foght et al. 
2004; Kastovská et al. 2005; Hodson et al. 2008; Takeuchi 2011). Pese al potencial de 
colonización de los suelos de estas áreas por parte de un gran número de 
microorganismos diferentes, nuestros resultados apuntan a que sólo aquellos cuyo 
metabolismo les permite establecerse en condiciones oligotróficas pueden 
desarrollarse en estas primeras etapas, tal y como ha sido descrito en otros terrenos de 
glaciares en retroceso (Sigler y Zeyer 2004; Frey et al. 2013). Junto a estos 
microorganismos pioneros será posible encontrar formas de resistencia de otras 
especies, así como aquellos microorganismos cuya presencia sea sólo circunstancial 
(Miteva et al. 2004; Sigler y Zeyer 2004; Kastovská et al. 2005). Sin embargo, con las 
herramientas utilizadas en nuestro trabajo es imposible discriminar entre formas 
durmientes y activas de las organismos encontrados. 
De entre los grupos taxonómicos pioneros encontrados en estas etapas iniciales 
de sucesión destacan, por su abundancia y función, las Actinobacteria, las cuales 
aparecieron en los análisis como estadísticamente ligadas a estos estadios. De acuerdo 
a los resultados extraídos del análisis con GeoChip, este grupo bacteriano presenta la 
capacidad de degradar diferentes compuestos orgánicos (tanto lábiles como 
recalcitrantes). Las Actinobacteria presentes en estos suelos parecen estar participando 
en procesos de degradación de los escasos compuestos orgánicos existentes en los 
suelos más próximos al frente glaciar, un hecho anteriormente propuesto en varios 
estudios (Heuer et al. 1997; Vetrovsky et al. 2014). Parte de la materia orgánica que 
estas bacterias estarían degradando podría haber sido generada en épocas anteriores al 
desarrollo de la capa de hielo, quedando atrapada bajo ella (como se propuso en 
Bardgett et al. 2007) tras avances glaciares como los que se han producido en esta área 
durante la Pequeña Edad de Hielo (Davies y Glasser 2012; Melkonian et al. 2013).  
En los suelos más cercanos al frente glaciar destacó también la presencia de la 
clase Cyanobacteria, grupo escasamente representado en otras etapas sucesionales 
posteriores. Las cianobacterias tienen la capacidad de fijar carbono y nitrógeno 
atmosférico, lo que les confiere ventajas competitivas en áreas que, como éstas, 
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presenten una disponibilidad de nutrientes muy baja (Kastovská et al. 2005; Schimdt et 
al. 2008; Frey et al. 2013). Nuestros resultados apuntan a que gracias a su metabolismo 
fotosintético y diazotrófico, las cianobacterias, junto con varios grupos de algas 
detectados también en estos suelos (el orden Prasiolales parece ser especialmente 
abundante) podrían ser elementos clave en estas etapas iniciales, de manera semejante 
a lo propuesto en otras áreas glaciares (Kastovská et al. 2005; Frey et al. 2013). Sin 
embargo, los genes nifH detectados por GeoChip, los cuales codifican para enzimas 
implicadas en la fijación del nitrógeno atmosférico (Duc et al. 2011), no correspondieron 
mayoritariamente a taxones de Cyanobacteria, tal y como cabría esperar por la 
abundancia de este grupo bacteriano. En cambio, la capacidad de fijar nitrógeno 
atmosférico en estas primeras etapas estuvo asociada a otros grupos microbianos no 
fotosintéticos, principalmente a las Alphaproteobacteria. Estos grupos de organismos 
diazótrofos parecen tener una gran importancia para los procesos de sucesión 
posteriores gracias a su potencial introducción de nitrógeno en el medio (Schimdt et al. 
2008; Zumsteg et al. 2012). Otras actividades metabólicas potenciales detectadas para 
Cyanobacteria dentro del ciclo del nitrógeno, como la amonificación, podrían ser 
también de gran importancia en estas etapas iniciales. Además, estas actividades 
potenciales fueron también encontradas en grupos como Chloroflexi y Deinococcus-
Thermus. Así, altas tasas de amonificación, junto con procesos de fijación de nitrógeno, 
generarían el sustrato necesario para que procesos de nitrificación puedan tener lugar 
en estos suelos (Fierer et al. 2010; Zumsteg et al. 2012; Brankatschk et al. 2013; Frey et 
al. 2013; Bradley et al. 2014). Los resultados combinados de diversidad taxonómica y 
funcional mostraron que la nitrificación podría ser llevada a cabo por bacterias 
principalmente de distintos grupos de Proteobacteria, incluyendo la clase 
Epsilonproteobacteria, la cual, si bien no es muy abundante en estas zonas, sí muestra 
una alta señal en los análisis mediante GeoChip para los genes que codifican enzimas 
implicadas en nitrificación (e.g. amoA, hao).  
La composición taxonómica, así como las identidades de los genes funcionales 
detectados con mayor frecuencia en estas etapas iniciales de sucesión, presentaron 
grandes diferencias con las etapas sucesionales posteriores. Los altos valores 
encontrados en las tasas de recambio de taxones (especialmente de bacterias y algas) 
entre las etapas iniciales y las inmediatamente posteriores en los dos glaciares 
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analizados (4 y 18 años de exposición del suelo en las vertientes sur y norte, 
respectivamente) indican que gran parte de los microorganismos detectados en etapas 
iniciales son reemplazados por nuevos colonizadores, capaces de desarrollarse más 
eficientemente en los nuevos microambientes que se generan en el suelo, de manera 
semejante a lo encontrado en otros procesos sucesionales en terrenos deglaciados 
(Skidmore et al. 2005; Bernasconi et al. 2011; Bajerski y Wagner 2013; Schulz et al. 2013; 
Bradley et al. 2014). Un claro ejemplo de los cambios drásticos entre las etapas iniciales 
de la sucesión y el resto es la ausencia de miembros de las clases Cyanobacteria y 
Chytridiomycetes más allá de las primeras etapas.  
Con la colonización por parte de briófitos y líquenes (de los Ríos et al. 2011, 
Arróniz-Crespo et al. 2014) comienzan una serie de estados de sucesión intermedios. En 
estas etapas dominadas por criptógamas se encontró una alta señal de genes nif para 
distintos grupos de Proteobacteria, junto con Chlorobi y Chrysiogenetes. Tras el 
establecimiento de las citadas comunidades de criptógamas, destaca el asentamiento 
que llevan a cabo plantas de Gunnera magellanica, considerada una especie vegetal 
pionera por la capacidad que presenta de asentarse en suelos con escasa concentración 
de nutrientes, gracias a la formación de simbiosis con células de Nostoc (Guevara et al. 
2002). Estas plantas contribuyen a la acumulación en el medio de materia orgánica, 
incluyendo compuestos nitrogenados, originados principalmente a partir del nitrógeno 
fijado por los simbiontes de Gunnera magellanica. De hecho, se ha detectado un 
incremento notable de las concentraciones, tanto de amonio, como de otros 
compuestos inorgánicos de nitrógeno tras su establecimiento (datos en Arróniz-Crespo 
et al. 2014), tal y como ocurre en terrenos colonizados por Alnus en simbiosis con 
Frankia (Crocker y Major 1955; Chapin et al. 1994; Schwencke y Carú 2001; Walker y del 
Moral 2003; Chaia et al. 2010; Anderson et al. 2013). A su vez, el desarrollo de las 
comunidades de G. magellanica disminuye la compactación de los horizontes 
superficiales del suelo (Thébault et al. 2014), favoreciendo posteriores colonizaciones 
de vegetación vascular, como especies de la familia Ericaceae (Empetrum rubrum y 
Gaultheria mucronata).  
Las diferentes potencialidades para rutas metabólicas de los ciclos del nitrógeno 
y carbono, inferidas mediante GeoChip, en comunidades microbianas de etapas 
sucesionales intermedias consecutivas, parecen reflejar actividades secuenciales dentro 
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de los ciclos de nutrientes del suelo. El nitrato acumulado en fases iniciales de sucesión 
por procesos de fijación, nitrificación y amonificación podría servir como sustrato de 
actividades metabólicas microbianas como la reducción desasimilatoria y asimilatoria 
de nitrato, y la desnitrificación, cuyos potenciales son detectados en estas etapas de 
sucesión consecutivas. Las capacidades para la reducción desasimilatoria y asimilatoria 
del nitrato fueron asociadas a grupos bacterianos muy abundantes en estos suelos, tales 
como Alpha-, Beta- y Deltaproteobacteria, junto con otros menos abundantes como 
Deinococcus-Thermus, y arqueas pertenecientes a Euryarchaeota. Por su parte, las 
potencialidades para procesos de desnitrificación fueron atribuidas a Actinobacteria, 
muy abundantes en estos suelos, o a taxones del grupo termófilo menos abundante 
Aquificae (Chèneby et al. 2000; Rösch et al. 2002; Palmer y Horn 2012; Shapleigh 2013).  
En el caso de la movilización de compuestos de carbono, el análisis mediante el 
GeoChip detectó potencial para actividades acetogénicas en las etapas sucesionales 
intermedias donde ocurre la principal colonización por parte de líquenes y briófitos (4 
años de exposición), estando asociada esta actividad principalmente a Euryarchaeota y 
Deltaproteobacteria. La detección de un elevado potencial para actividades 
metanogénicas en la etapa inmediatamente posterior (7 años de exposición) parece 
indicar que los grupos con potencial acetogénico podrían estar generando el sustrato 
para las reacciones metabólicas de grupos microbianos con capacidades metanogénicas 
(Hunger et al. 2015; Lever 2016). En concreto, el potencial para la metanogénesis fue 
detectado principalmente en arqueas de los grupos Korarchaeota y Crenarchaeota, y 
bacterias de los grupos Epsilonproteobacteria, Bacteroidetes y Gammaproteobacteria, 
siendo las últimas especialmente abundantes en esta etapa, a tenor de los resultados 
obtenidos en el estudio de pirosecuenciación. La asociación detectada entre el potencial 
para actividades de oxidación de metano (encontrado principalmente en 
Betaproteobacteria y Actinobacteria) y la fase sucesional siguiente (10 años de 
exposición) apunta a que se puede haber generado metano previamente, el cual serviría 
de sustrato para estas actividades oxidadoras. Los grupos microbianos que participan en 
el ciclo del metano requieren de unos ambientes muy específicos para realizar las 
actividades secuenciales detectadas, los cuales varían desde condiciones aerobias a 
anaerobias estrictas (Aronson et al. 2013; Levy-Booth et al. 2014; Chiri et al. 2015; Lever 
2016). La colonización por criptógamas y plantas pioneras puede favorecer la creación 
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de estos distintos microambientes, incluso en proximidad, debido a la gran 
heterogeneidad existente en el suelo, generada en parte por los efectos de estas 
actividades metabólicas en el medio, tal y como han sugerido otros autores (Atlas y 
Bartha 2002; Yin et al. 2002; Giri et al. 2005; Voroney 2014). La formación de ambientes 
anaerobios en estos terrenos puede estar también asociada a la presencia de 
encharcamientos periódicos transitorios. 
En etapas sucesionales avanzadas (e.g. a partir de 19 años de exposición en el 
Glaciar Pía y de 26 en el Parry) destaca la abundancia de grupos microbianos que hacen 
posible la degradación de la materia orgánica acumulada. Entre ellos destaca la 
presencia de grupos fúngicos saprótrofos, como la clase Agaricomycetes. De igual 
manera, en estas etapas avanzadas de la sucesión se han detectado genes implicados 
en rutas metabólicas de degradación de compuestos orgánicos complejos, tales como 
la degradación de ácidos grasos mediante el ciclo del glioxilato o la de compuestos 
recalcitrantes como terpenos o compuestos aromáticos por parte de grupos de 
Proteobacteria y grupos adscritos a la clase menos abundante Actinobacteria. La 
presencia únicamente en fases avanzadas del Glaciar Parry de grupos específicos de 
hongos y algas, tales como la clase Archaeorhizomycetes y el orden Desmidiales, 
respectivamente, podría indicar la influencia de las diferentes condiciones climáticas 
imperantes en cada una de ellas, las distintas dinámicas de sucesión y el diferente grado 
de modificación del suelo por parte de los organismos establecidos en etapas previas.  
 
 
E.2 Dinámicas de la sucesión primaria en Tierra del Fuego  
Los resultados de esta tesis apuntan a que las bacterias juegan un papel 
fundamental en las primeras etapas de la colonización, tras la retirada de los glaciares 
de Tierra del Fuego, para ser posteriormente los hongos, en etapas más avanzadas de la 
sucesión, los que presenten las principales influencias sobre el proceso sucesional, de 
forma similar a lo descrito en otros estudios (Hodge et al. 2000; Bardgett y Walker 2004; 
Knelman et al. 2012; Thébault et al. 2014; Cao et al. 2015; Zilla et al. 2015). La mayor 
variedad y versatilidad de las actividades metabólicas bacterianas permiten que las 
bacterias sean más eficaces en la colonización de terrenos recién descubiertos, con una 
disponibilidad de nutrientes limitada (Zumsteg et al. 2012; Vetrovsky et al. 2014). La 
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presencia de hongos en los suelos, sin embargo, se ve condicionada por su metabolismo 
heterótrofo, el cual requiere una acumulación previa de nutrientes, asociada en muchos 
casos a la colonización y actividad anterior de organismos autótrofos, y al subsiguiente 
asentamiento de plantas (Brown y Jumpponen 2014; Thébault et al. 2014), procesos 
descritos a lo largo de las cronosecuencias analizadas de Tierra del Fuego. Este hecho 
explica, a su vez, las menores tasas de recambio encontradas para los hongos en las 
primeras etapas de la sucesión, ya que hasta que esta acumulación de nutrientes se 
produce, son muy pocos los grupos fúngicos que pueden participar en los procesos 
sucesionales (Brown y Jumpponen 2014). Por su parte, la gran ubicuidad que presentan 
las algas a lo largo de todos los terrenos estudiados, más allá de la asociación de los 
órdenes Prasiolales y Desmidiales con las etapas sucesionales iniciales (cercanas al 
frente del glaciar) y más avanzadas (zonas boscosas), respectivamente, parece apuntar 
a una menor influencia de las mismas en la sucesión que la de bacterias y hongos. Esta 
detección ubicua de los diferentes grupos de algas podría también deberse a la 
presencia de numerosas formas no activas de los mismos, tal y como ha sido descrito en 
otros estudios (Kastovská et al. 2005; Stibal et al. 2006; Lennon y Jones 2011)  
El estudio simultáneo realizado en esta tesis de dos glaciares en retroceso en 
áreas situadas en dos vertientes diferentes de la Cordillera Darwin, junto con el análisis 
de la diversidad de simbiontes en Gunnera magellanica en áreas de las dos vertientes y 
en zonas con distinto desarrollo del suelo, nos ha permitido inferir el efecto de 
diferentes condiciones climáticas sobre las dinámicas sucesionales. Así, se ha visto que 
las cronosecuencias de ambas vertientes comparten patrones de sucesión para cada 
uno de los grupos taxonómicos analizados, con ubicuidad para algunos taxones y 
especificidad para una etapa sucesional concreta para otros. Sin embargo, la variación 
de la estructura de las comunidades respecto al tiempo de exposición difiere entre las 
cronosecuencias de las dos vertientes, debido a que presentaron distintas dinámicas 
temporales de sucesión. Así, el recambio de taxones se produce de manera mucho más 
rápida en la vertiente sur que en la norte, de manera similar a lo encontrado para las 
tasas de desarrollo del suelo y la sucesión vegetal (Sancho et al. 2011; Arróniz-Crespo et 
al. 2014). La situación respecto de la Cordillera Darwin fue también el factor más 
influyente en relación al patrón de filotipos de Nostoc endosimbiontes de las distintas 
poblaciones de Gunnera magellanica estudiadas. Los valores relativos a factores como 
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el grado de humedad, periodicidad y abundancia de precipitaciones, etc., se han 
considerado a menudo como los factores más importantes que permiten o dificultan el 
mejor desarrollo de las comunidades microbianas edáficas (Herdman y Ripkka 1988; 
Wilkinson y Wanntorp 2007; Zeglin et al. 2013). Por esto, más allá del tiempo de 
exposición, las marcadas diferencias de precipitación que se dan en diferentes áreas de 
Tierra del Fuego, parecen estar influyendo también en los procesos de colonización de 
las áreas descubiertas por retroceso de glaciares. Otros factores, tales como un mayor 
tiempo de exposición a luz solar dependiendo de la orientación de los terrenos 
colonizados, pueden tener también influencia en las diferencias en las dinámicas de la 
colonización observadas (Sigler y Zeyer 2002; Wang et al.2010; Bajerski y Wagner 2013).  
Independientemente de la velocidad de los procesos de sucesión, el recambio de 
especies en ambas cronosecuencias analizadas conduce a etapas sucesionales 
caracterizadas por la presencia de bosques de Nothofagus. Las tasas de recambio de 
OTUs microbianos y los cambios en la estructura funcional de las comunidades son 
menores al llegar a las etapas de sucesión avanzadas. A la vista de nuestros datos, parece 
que tras la aparición del bosque de Nothofagus existe una ralentización del recambio de 
especies microbianas, pero no una detención del mismo, ajustándose por ello a los 
principios establecidos por la Teoría Ecológica de la Sucesión y el ensamblaje de 
comunidades (v. Young et al. 2001). Sin embargo, para poder confirmar la falta de esta 
etapa climácica sería necesario analizar secuencias temporales más largas. 
 
 
E.3 Las relaciones bióticas en la sucesión. El papel de la simbiosis 
La presencia de virus a lo largo de la cronosecuencia, con familias 
específicamente asociadas a ciertas etapas sucesionales, sugiere que los virus están 
participando del control de las poblaciones de microrganismos a los que infectan, de 
manera semejante a lo descrito en otros ambientes (Breitbart et al. 2005; Koskella et al. 
2014; Wei et al. 2015b). Además, la detección de genes de resistencia a antibióticos 
apunta a estos como otro posible control biótico. Dado que el papel de los antibióticos 
ha sido considerado más relevante en zonas de baja disponibilidad de recursos, en 
relación a mecanismos de competencia por ellos (Shank y Kolter 2009), estas 
interacciones podrían ser más importantes en las etapas iniciales de la sucesión.  
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El comienzo de la colonización del suelo por parte de organismos macroscópicos, 
líquenes y briófitos, e inmediatamente después por Gunnera magellanica, coincide con 
la desaparición de cianobacterias en los suelos. Sin embargo, tanto muchas de las 
especies de líquenes presentes en estas etapas intermedias (Placopsis spp., 
Stereocaulon spp.) (de los Ríos et al. 2011; Raggio et al. 2012), como los briófitos 
(Arróniz-Crespo et al. 2014) y Gunnera magellanica, poseen cianobacterias asociadas de 
los mismos géneros que los detectados en los suelos de las etapas iniciales. Mediante el 
establecimiento de estas interacciones bióticas, las cianobacterias ocupan hábitats más 
estables, estando aparentemente más protegidas frente a parásitos y patógenos (e.g. 
hongos Chytridiomycetes, virus) o frente a organismos ramoneadores (e.g. protozoos, 
microinvertebrados). Además, parece claro que siguen jugando un papel fundamental 
para el ecosistema gracias a su capacidad de fijar N2 atmosférico e incorporarlo al 
sistema (DeLuca et al. 2008; Osborne y Bergman 2009; Zackrisson et al. 2009; Arróniz-
Crespo et al. 2014). Algunos de los líquenes presentes en las etapas intermedias de la 
sucesión, especialmente Placopsis pycnotheca, especie primocolonizadora muy 
abundante en la zona, y otras especies con cianobacterias asociadas como Stereocaulon 
spp., pueden jugar un papel clave en los procesos sucesionales, ya que su presencia 
aumenta la estabilidad y la capacidad de retención de agua de los suelos, al tiempo que 
facilitan la incorporación al medio de carbono y de nitrógeno (de los Ríos et al. 2011; 
Raggio et al. 2012). Por otro lado, las cianobacterias asociadas con briófitos presentan 
unas altas tasas de fijación de nitrógeno (Arróniz-Crespo et al. 2014), las cuales 
contribuyen también al desarrollo y colonización del suelo. Por último, la relación 
simbiótica Gunnera-Nostoc favorece también la incorporación de estos nutrientes 
esenciales al sistema. Por todo ello, las relaciones simbióticas parecen tener una gran 
relevancia en la sucesión, contribuyendo al desarrollo del suelo, y, por tanto, facilitando 
el establecimiento de otros organismos macroscópicos en fases posteriores, lo cual ha 
sido puesto de manifiesto en numerosos estudios en áreas similares (Chapin 1994; 
Schwencke y Carú 2001; Guevara et al. 2002; Densmore 2005; Schulz et al. 2013). 
El desarrollo de las comunidades vegetales en las áreas deglaciadas analizadas 
condiciona a su vez las trayectorias y las dinámicas de colonización microbiana a lo largo 
de la sucesión (Chapin et al. 1994; Knelman et al. 2012; Brown y Jumpponen 2014). En 
este estudio se ha detectado un aumento considerable de la presencia de hongos 
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micorrizógenos (clase Leotiomycetes) asociado a la aparición de plantas de la familia 
Ericaceae (especies Empetrum rubrum y Gaultheria mucronata), con las que 
aparentemente forman simbiosis. Igualmente, en las etapas avanzadas de la sucesión, 
se detectaron una gran abundancia de la clase Agaricomycetes, los cuales también 
pueden presentar capacidades micorrizógenas. Estas asociaciones favorecen el 
desarrollo de las plantas implicadas, y con ello, un desarrollo del suelo que también 
facilita la colonización posterior de otros organismos (Jumpponen 2003; Brown y 
Jumpponen 2014; van der Putten et al. 2013; Thébault et al. 2014; Powell y Klironomos 
2014).  
Las interacciones bióticas podrían contribuir a la ralentización observada en los 
procesos de recambio de especies una vez que Nothofagus empieza a establecerse en 
la cronosecuencia (v. Arróniz-Crespo et al. 2014; Thébault et al. 2014). Plantas y 
microorganismos compiten por los mismos recursos en estas fases avanzadas de la 
sucesión. Así, arbustos y Nothofagus podrían inhibir la presencia de ciertos 
microorganismos edáficos al captar la gran mayoría de los nutrientes presentes o al 
reducir la cantidad de luz que llega a la superficie del suelo. Estas mismas plantas 
pueden, a su vez, producir compuestos vegetales alelopáticos (Tollivier et al. 1995). Sin 
embargo, no es posible determinar si estos mecanismos de inhibición promueven 
realmente un recambio de especies o simplemente ralentizan las dinámicas 
sucesionales, de manera semejante a lo propuesto en otras áreas glaciares estudiadas 
(Walker y Chapin 1986; Farrel 1991; Matthews 1992; Chapin 1994).  
 
La sucesión primaria que tiene lugar en las áreas descubiertas tras el retroceso 
de los glaciares estudiados en Tierra del Fuego se caracteriza por un rápido recambio de 
taxones de microorganismos y un perfil funcional diferenciado determinado por estos 
cambios. Las variaciones sucesionales detectadas podrían estar encaminados al máximo 
aprovechamiento de los recursos disponibles en cada etapa, mientras que las dinámicas 
que presentan se ven muy influenciadas por factores abióticos como las precipitaciones. 
Por otro lado, las interacciones bióticas podrían tener un papel clave en la sucesión, en 
especial el establecimiento de asociaciones simbióticas. La simbiosis favorece la 
colonización del suelo por parte de los organismos implicados, facilitando también la 
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colonización posterior de otros organismos, gracias a su papel en la movilización de 
nutrientes y a los cambios estructurales que producen en el suelo. 
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“Preferiría tener preguntas que no puedan ser respondidas 
antes que respuestas que no puedan ser cuestionadas” 
Richard Feynman 
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F. CONCLUSIONES 
  
1- La sucesión en los terrenos recientemente deglaciados estudiados en esta tesis 
doctoral comienza con unas comunidades de microorganismos muy distintos a 
lo encontrados en fases posteriores, lo que parece indicar el establecimiento de 
ciertos organismos capaces de vivir exclusivamente en estos ambientes 
oligotróficos.  
 
2- La sucesión primaria, en los dos glaciares de Tierra del Fuego estudiados, 
comienza con etapas iniciales que presentan una composición taxonómica de 
bacterias, hongos y algas muy similar, caracterizada por la presencia de grupos 
como la clase de bacterias Cyanobacteria, la de hongos Chytridiomycetes o el 
orden de algas Prasiolales. Sin embargo, posteriormente, las diferencias entre 
ambos glaciares en términos de diversidad se hacen más notables, si bien las 
tendencias generales en los grandes grupos se mantiene, con un incremento de 
la abundancia de las clases bacterianas Alphaproteobacteria y Acidobacteria, de 
clases de hongos micorrícicos y de órdenes de algas como Microthamniales y 
Chlamydomonadales. 
 
3- Las diferencias en los procesos de sucesión entre ambos glaciares son 
particularmente notables respecto a la dinámica temporal, siendo las tasas de 
recambio de especies (unidades taxonómicas) mucho más elevadas en el glaciar 
estudiado de la vertiente sur de la Cordillera Darwin, de forma similar a los datos 
disponibles para la sucesión vegetal, y reflejando la posible influencia de los 
factores abióticos (mayores precipitaciones).  
 
4- Las bacterias y los hongos podrían tener un papel más relevante en los procesos 
de sucesión que las algas, ya que la distribución de los distintos grupos 
taxonómicos bacterianos y fúngicos está específicamente ligada al estado de 
desarrollo del suelo, mientras que los grupos de algas fueron 
predominantemente ubicuos. Mientras que las bacterias parecen tener mayor 
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influencia en las etapas iniciales, en las cuales participan en rutas metabólicas de 
incorporación de nutrientes al medio, los hongos podrían alcanzar mayor 
relevancia en las etapas sucesionales intermedias y avanzadas, por su capacidad 
de degradar materia orgánica y formar asociaciones simbióticas con plantas 
vasculares y algas. 
 
5- La estructura funcional de las comunidades microbianas del Glaciar Pía cambia 
en paralelo a la sucesión. Los microorganismos de etapas sucesionales iniciales 
podrían estar participando de rutas que incrementan la disponibilidad de 
nutrientes en el suelo, mientras transformaciones con requerimientos más 
específicos, como la desnitrificación y la metanogénesis, y, posteriormente, la 
degradación de sustratos orgánicos complejos, parecen tener un papel más 
relevante en etapas sucesionales intermedias y avanzadas, con abundante 
colonización vegetal.  
 
6- Las actividades metabólicas de los microorganismos que colonizan los terrenos 
estudiados juegan un papel clave en el reciclado de nutrientes a lo largo de la 
sucesión, ya que genes de rutas metabólicas secuenciales dentro del ciclo del 
nitrógeno y del carbono se asocian a estados de sucesión consecutivos, 
existiendo una correlación con cambios en atributos del suelo. Por tanto, la 
disponibilidad de nutrientes parece el motor clave en la funcionalidad 
microbiana de estos suelos. 
 
7- La presencia de genes de resistencia a antibióticos y las variaciones en la 
diversidad de virus, junto con los mecanismos de facilitación (simbiosis), a lo 
largo de la cronosecuencia reflejan la influencia de los factores bióticos en la 
sucesión.  
 
8- La sucesión microbiana muestra una ralentización de las tasas de recambio 
taxonómico y una disminución de la diferenciación funcional que coincide con el 
inicio de la colonización por Nothofagus spp. y el desarrollo del bosque maduro.  
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9- Gunnera magellanica se asocia a un amplio rango de filotipos de Nostoc en el 
área de estudio, lo cual parece conferirle la capacidad de establecerse en suelos 
oligotróficos. El estudio de la variabilidad genética de los microsimbiontes a 
varias escalas reveló que las colonias presentes dentro de la misma planta no 
difieren entre sí, pero sí entre localidades, especialmente entre las 
correspondientes a distintos estadios de sucesión y, sobre todo, las procedentes 
de las dos vertientes de la Cordillera Darwin, sujetas a distintos régimen de 
precipitaciones.  
 
10- La simbiosis parece jugar un papel fundamental en los cambios en la trayectoria 
y dinámica de la sucesión en las áreas deglaciadas estudiadas, ya que hongos 
formadores de líquenes (Lecanoromycetes), así como microorganismos en 
simbiosis con plantas vasculares (Nostoc y hongos micorrizógenos como 
Leotiomycetes y Agaricomycetes), están muy extendidos en las etapas 
intermedias y avanzadas de la sucesión. 
 
11- Los grupos de microorganismos estudiados presentan patrones de diversidad 
específicos a lo largo de las cronosecuencias estudiadas, con tasas de recambio 
determinadas en gran manera por factores abióticos. Esta diferente estructura 
de la comunidad, y los cambios funcionales observados, parecen estar influidos 
por la disponibilidad de nutrientes en el medio. Las interacciones bióticas 
podrían también participar en estos procesos de sucesión.  
 
 
 
182 |  
 
 
 
 
 
  
| 183 
 
 
 
 
REFERENCIAS 
BIBLIOGRÁFICAS 
  
184 |  
 
 
 
 
  
Referencias Bibliográficas | 185 
 
 
G. REFERENCIAS BIBLIOGRÁFICAS 
Abarenkov K, Nilsson HR, Larsson KH, Alexander IJ, Eberhardt U, Erland S, Høiland K, 
Kjøller R, Larsson E, Pennanen T (2010) The UNITE database for molecular 
identification of fungi–recent updates and future perspectives. New Phytol 
186:281-285 
Abdel Jaber W, Floricioiu D, Rott H (2014) Glacier dynamics of the Northern Patagonia 
Icefield derived from SRTM, TanDEM-X and TerraSAR-X data. In: IEEE 
International Geoscience and Remote Sensing Symposium (IGARSS), 2014, pp. 
4018-4021. IEEE Xplore. IGARSS 2014, 13.-18. Juli 2014, Quebec, Kanada. DOI: 
10.1109/IGARSS.2014.6947367. 
Abed RM, Al Kharusi S, Schramm A, Robinson MD (2010) Bacterial diversity, pigments 
and nitrogen fixation of biological desert crusts from the Sultanate of Oman. 
FEMS Microbiol Ecol 72, 418-428 
Adams DG (2000) Symbiotic interactions. In:  The Ecology of Cyanobacteria. Springer, pp 
523-561 
Adams MJ, Hendrickson RC, Dempsey DM, Lefkowitz EJ (2015) Tracking the changes in 
virus taxonomy Arch Virol 160:1375-1383 doi:10.1007/s00705-015-2376-4 
Akaike H (1974) A New Look At The Statistical Model Identification. IEEE Trans Autom 
Control AC-19: 716-723 
Albers SV, Meyer BH (2011) The archaeal cell envelope. Nat Rev Microbiol 9:414-426 
doi:10.1038/nrmicro2576 
Allen EB, Allen MF (1988) Facilitation of succession by the nonmycotrophic colonizer 
Salsola kali (Chenopodiaceae) on a harsh site: effects of mycorrhizal fungi. Am 
J Bot: 257-266 
Allison SD, Wallenstein MD, Bradford MA (2010) Soil-carbon response to warming 
dependent on microbial physiology. Nat Geosci 3:336-340 
doi:10.1038/ngeo846 
Amann RI, Lin C, Key R, Montgomery L, Stahl DA (1992) Diversity among Fibrobacter 
isolates: towards a phylogenetic classification. Syst Appl Microbiol 15: 23-31 
Amoros C, Wade P (1996) Ecological successions. In:  The Fluvial Hydrosystems. Springer, 
pp 211-241 
Andel Jv, Bakker J, Grootjans A (1993) Mechanisms of vegetation succession: a review 
of concepts and perspectives. Acta Botanica Neerlandica 42:413-433 
Anderson MD, Taylor DL, Ruess RW (2013) Phylogeny and assemblage composition of 
Frankia in Alnus tenuifolia nodules across a primary successional sere in interior 
Alaska. Mol Ecol 22:3864-3877 doi:10.1111/mec.12339 
André HM, Ducarme X, Lebrun P (2002) Soil biodiversity: myth, reality or conning?. Oikos 
96:3-24 
186 | Referencias Bibliográficas 
 
 
Andrew DR, Fitak RR, Munguia-Vega A, Racolta A, Martinson VG, Dontsova K (2012) 
Abiotic factors shape microbial diversity in Sonoran Desert soils. Appl Environ 
Microb 78:7527-7537 doi:10.1128/AEM.01459-12 
Anesio AM, Laybourn-Parry J (2012). Glaciers and ice sheets as a biome. Trends Ecol Evol 
27, 219-225 
Applegate PJ, Urban NM, Keller K, Lowell TV, Laabs BJC, Kelly MA, Alley RB (2012) 
Improved moraine age interpretations through explicit matching of 
geomorphic process models to cosmogenic nuclide measurements from single 
landforms. Quaternary Res 77:293-304 doi:10.1016/j.yqres.2011.12.002 
Ardley JK, Parker MA, De Meyer SE, Trengove RD, O'Hara GW, Reeve WG, Yates RJ, 
Dilworth MJ, Willems A, Howieson JG (2012) Microvirga lupini sp. nov., 
Microvirga lotononidis sp. nov. and Microvirga zambiensis sp. nov. are 
alphaproteobacterial root-nodule bacteria that specifically nodulate and fix 
nitrogen with geographically and taxonomically separate legume hosts. Int J 
Syst Evol Micr 62:2579-2588 doi:10.1099/ijs.0.035097-0 
Armstrong RA, Bradwell T (2010) The use of lichen growth rings in lichenometry: some 
preliminary findings. Geografiska Annaler: Series A, Phys Geogr 92:141-147 
doi:10.1111/j.1468-0459.2010.00383.x 
Aronson EL, Allison SD, Helliker BR (2013) Environmental impacts on the diversity of 
methane-cycling microbes and their resultant function. Front Microb 4:225 
doi:10.3389/fmicb.2013.00225 
Arróniz-Crespo M, Pérez-Ortega S, de los Ríos A, Green TG, Ochoa-Hueso R, Casermeiro 
MA, de la Cruz MT, Pintado A, Palacios D, Rozzi R, Tysklind N, Sancho LG (2014) 
Bryophyte-cyanobacteria associations during primary succession in recently 
Deglaciated areas of Tierra del Fuego (Chile). PLoS One 9, e96081. doi: 
10.1371/journal.pone.0096081 
Ascaso C, Wierzchos J (1996) Morphological and chemical features of bioweathered 
granitic biotite induced by lichen activity. Clays and Clay Minerals 44 : 652-657 
(1996)  
Atlas RM, Bartha R (2002) Ecología microbiana y microbiología ambiental. Pearson 
educación  
Atschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search 
tool. J Mol Biol 215: 403.410 
Auguet JC, Barberan A, Casamayor EO (2010) Global ecological patterns in uncultured 
Archaea. ISME J 4:182-190 doi:10.1038/ismej.2009.109 
Axelrood PE, Chow ML, Radomski CC, McDermott JM, Davies J (2002) Molecular 
characterization of bacterial diversity from British Columbia forest soils 
subjected to disturbance. Can J Microbiol 48:655-674 
Baalsrud K, Baalsrud KS (1954) Studies on Thiobacillus denitrificans. Archives of 
Microbiology 20:34-62. 
Referencias Bibliográficas | 187 
 
 
Bajerski F, Wagner D (2013) Bacterial succession in Antarctic soils of two glacier 
forefields on Larsemann Hills, East Antarctica. FEMS Microbiol Ecol 85:128-142 
doi:10.1111/1574-6941.12105 
Baldrian P, Kolarik M, Stursova M, Kopecky J, Valaskova V, Vetrovsky T, Zifcakova L, 
Snajdr J, Ridl J, Vlcek C, Voriskova J (2012) Active and total microbial 
communities in forest soil are largely different and highly stratified during 
decomposition. ISME J 6:248-258 doi:10.1038/ismej.2011.95 
Baldrian P, Větrovský T, Cajthaml T, Dobiášová P, Petránková M, Šnajdr J, Eichlerová I 
(2013) Estimation of fungal biomass in forest litter and soil. Fungal Ecol 6:1-11 
doi:10.1016/j.funeco.2012.10.002 
Bárcena TG, Finster KW, Yde JC (2011) Spatial Patterns of Soil Development, Methane 
Oxidation, and Methanotrophic Diversity along a Receding Glacier Forefield, 
Southeast Greenland. Arct Antarct Alp Research 43, 178-188. doi: 
10.1657/1938-4246-43.2.178 
Bardgett RD (2000) Patterns of below-ground primary succession at Glacier Bay, south-
east Alaska. Bulletin of the British Ecological Society 31:40-42 
Bardgett RD, Bowman WD, Kaufmann R, Schmidt SK (2005) A temporal approach to 
linking aboveground and belowground ecology. Trends Ecol Evol 20:634-641 
doi:10.1016/j.tree.2005.08.005 
Bardgett RD, Richter A, Bol R, Garnett MH, Baumler R, Xu X, Lopez-Capel E, Manning DA, 
Hobbs PJ, Hartley IR, Wanek W (2007) Heterotrophic microbial communities 
use ancient carbon following glacial retreat. Biol Lett 3, 487-490. doi: 
10.1098/rsbl.2007.0242 
Bardgett RD, Walker LR (2004) Impact of coloniser plant species on the development of 
decomposer microbial communities following deglaciation. Soil Biol Biochem 
36:555-559 
Bardy SL, Ng SY, Jarrell KF (2003) Prokaryotic motility structures. Microbiology 149:295-
304 doi:10.1099/mic.0.25948-0 
Barea JM, Pozo MJ, Azcon R, Azcon-Aguilar C (2005) Microbial co-operation in the 
rhizosphere. J Exp Bot 56:1761-1778 doi:10.1093/jxb/eri197 
Bartossek R, Nicol GW, Lanzen A, Klenk HP, Schleper C (2010) Homologues of nitrite 
reductases in ammonia oxidizing archaea: diversity and genomic context. 
Environ Microbiol 12:1075-1088. 
Bates ST, Berg-Lyons D, Caporaso JG, Walters WA, Knight R, Fierer N (2011) Examining 
the global distribution of dominant archaeal populations in soil. ISME J 5:908-
917 doi:10.1038/ismej.2010.171 
Bautista-Cruz A, del Castillo RF (2005) Soil Changes During Secondary Succession in a 
Tropical Montane Cloud Forest Area. Soil Sci Am J 69:906 
doi:10.2136/sssaj2004.0130 
Begon M, Harper C, Townsend (1996) Ecology individuals, populations and communities. 
Blackwell Science Ltda  
188 | Referencias Bibliográficas 
 
 
Belnap J, Büdel B, Lange OL (2001) Biological soil crusts: characteristics and distribution. 
Springer  
Benson DR, Silvester W (1993) Biology of Frankia strains, actinomycete symbionts of 
actinorhizal plants. Microbiol Rev 57:293-319 
Bergman B, Johansson C, Söderbäck E (1992) Tansley Review no. 42. The Nostoc-
Gunnera symbiosis”. New Phytol 122: 379-400 
Bergman B, Matveyev A, Rasmussen U (1996) Chemical signalling in cyanobacterial-
plant symbioses. Trends Plant Sci 1: 191-197 
Bergman B, Osborne B (2002) The Gunnera: Nostoc Symbiosis. In: Biology and 
environment: Proceedings of the Royal Irish Academy, vol 1. JSTOR, pp 35-39 
Bernander R (2000) Chromosome replication, nucleoid segregation and cell division in 
archaea. Trends Microbiol 8:278-283 
Bernasconi SM, Bauder A, Bourdon B, Brunner I, Bünemann E, Chris I, Derungs N, 
Edwards P, Farinotti D, Frey B (2011) Chemical and biological gradients along 
the Damma glacier soil chronosequence, Switzerland. Vadose Zone J 10, 867-
883 
Bertness MD, Callaway R (1994) Positive interactions in communities. Trends Ecol Evol 
9:191-193 
Bever JD, Dickie IA, Facelli E, Facelli JM, Klironomos J, Moora M, Rillig MC, Stock WD, 
Tibbett M, Zobel M (2010) Rooting theories of plant community ecology in 
microbial interactions. Trends Ecol Evol 25: 468-478 
Blaalid R, Carlsen TOR, Kumar S, Halvorsen R, Ugland KI, Fontana G, Kauserud H (2012) 
Changes in the root‐associated fungal communities along a primary succession 
gradient analysed by 454 pyrosequencing. Mol Ecol21:1897-1908 
Black K, Osborne B (2004) An assessment of photosynthethic downregulation in 
cyanobacteria from the Gunnera-Nostoc symbiosis. New Phytol 162: 125-132 
Blackwell M (2011) The fungi: 1, 2, 3 ... 5.1 million species? Am J Bot 98:426-438 
doi:10.3732/ajb.1000298 
Blaxter M, Mann J, Chapman T, Thomas F, Whitton C, Floyd R, Abebe E (2005) Defining 
operational taxonomic units using DNA barcode data. Philos T R Soc B 
360:1935-1943 
Bliss A, Hock R, Cogley JG (2013) A new inventory of mountain glaciers and ice caps for 
the Antarctic periphery. Ann Glaciol 54:191-199 doi:10.3189/2013AoG63A377 
Bollag JM, Tung G (1972) Nitrous oxide release by soil fungi. Soil Biol Biochem 4:271-
276. 
Bonnett HT, Silvester WB (1981) Specificity in the Gunnera-Nostoc endosymbiosis. New 
Phytol 89: 121-128 
Borin S, Ventura S, Tambone F, Mapelli F, Schubotz F, Brusetti L, Scaglia B, D'Acqui LP, 
Solheim B, Turicchia S (2010) Rock weathering creates oases of life in a High 
Arctic desert. Environ microbiol 12, 293-303 
Referencias Bibliográficas | 189 
 
 
Bowker MA, Maestre FT, Eldridge D, Belnap J, Castillo-Monroy A, Escolar C, Soliveres S 
(2014) Biological soil crusts (biocrusts) as a model system in community, 
landscape and ecosystem ecology. Biodivers Conserv 23:1619-1637 
Bradley JA, Singarayer JS, Anesio AM (2014) Microbial community dynamics in the 
forefield of glaciers. Proc R Soc B 281:20140882 doi:10.1098/rspb.2014.0882 
Brankatschk R, Fischer T, Veste M, Zeyer J (2013) Succession of N cycling processes in 
biological soil crusts on a Central European inland dune. FEMS Microbiol Ecol 
83, 149-160. doi: 10.1111/j.1574-6941.2012.01459.x 
Brankatschk R, Towe S, Kleineidam K, Schloter M, Zeyer J (2011) Abundances and 
potential activities of nitrogen cycling microbial communities along a 
chronosequence of a glacier forefield. ISME J 5:1025-1037 
doi:10.1038/ismej.2010.184 
Breen K, Lévesque E (2008) The influence of biological soil crusts on soil characteristics 
along a High Arctic glacier foreland, Nunavut, Canada. Arct Antarc Alp Res 
40:287-297 
Breitbart M, Rohwer F (2005). Here a virus, there a virus, everywhere the same virus?. 
Trends Microbiol 13, 278-284. doi: 10.1016/j.tim.2005.04.003 
Brenner DJ, Krieg NR, Staley JT, Garrity GM (eds., 2005). Bergey’s Manual of Systematic 
Bacteriology, 2nd ed., vol. 2, parts A, B and C, Springer-Verlag, New York, NY. 
Broady PA (1989) The distribution of Prasiola calophylla (Carmich.) Menegh. 
(Chlorophyta) in Antarctic freshwater and terrestrial habitats. Antarctic Sci 
1:109-118 
Broady PA (1996) Diversity, distribution and dispersal of Antarctic terrestrial algae. 
Biodivers Conserv 5:1307-1335 
Brown SP, Jumpponen A (2014) Contrasting primary successional trajectories of fungi 
and bacteria in retreating glacier soils. Mol Ecol 23:481-497 
doi:10.1111/mec.12487 
Bryant JA, Lamanna C, Morlon H, Kerkhoff AJ, Enquist BJ, Green JL (2008) Colloquium 
paper: microbes on mountainsides: contrasting elevational patterns of 
bacterial and plant diversity. PNAS 105 Suppl 1:11505-11511 
doi:10.1073/pnas.0801920105 
Bubrick P, Galun M, Frensdorff A (1984) Observations on free-living Trebouxia de 
Puymaly and Pseudotrebouxia Archibald, and evidence that both symbionts 
from Xantoria parientina (L.) Th. Fr. can be found free-living in nature. New 
Phytol 97:455-462 
Buckley DH, Schmidt TM (2002) Exploring the biodiversity of soil—a microbial rain 
forest. Biodiversity of Microbial Life Wiley-Liss, Inc 
Büdel B (2003) Synopsis: comparative biogeography of soil-crust biota. In: Belnap J, 
Lange OL (eds) Biological Soil Crusts: Structure, Function, and Management. 
Springer, pp 141-152 
190 | Referencias Bibliográficas 
 
 
Buée M, Reich M, Murat C, Morin E, Nilsson RH, Uroz S, Martin F (2009) 454 
Pyrosequencing analyses of forest soils reveal an unexpectedly high fungal 
diversity. New Phytol 184:449-456 doi:10.1111/j.1469-8137.2009.03003.x 
Burgos JJ (1985) Clima del extremo sur de Sudamérica. In: Boelcke O, Moore DM, Roig 
FA (eds) Transecta Botánica de la Patagonia Austral. CONICET (Argentina), Royal 
Society (Great Britain) and Instituto de la Patagonia (Chile) 
Buss H, Bruns M, Schultz M, Moore J, Mathur C, Brantley S (2005) The coupling of 
biological iron cycling and mineral weathering during saprolite formation, 
Luquillo Mountains, Puerto Rico. Geobiology 3:247-260 
Cabello P, Roldán MD, Moreno-Vivían C (2004) Nitrate reduction and the nitrogen cycle 
in archaea. Microbiology 150:35273546. 
Caccianiga M, Luzzaro A, Pierce S, Ceriani RM, Cerabolini B (2006) The functional basis 
of a primary succession resolved by CSR classification. Oikos 112:10-20 
Canfield DE, Habicht KS, Thamdrup B (2000) The Archean sulfur cycle and the early 
history of atmospheric oxygen. Science 288:658-661 
Canfield DE, Raiswell R (1999) The evolution of the sulfur cycle. Am J Sci 299:697-723 
Cao X, Wu L, Ma Q, Jin Q (2015). Advances in studies of absorption and utilization of 
amino acids by plants: A review. J Appl Ecol 26, 919-929 
Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, 
Pena AG, Goodrich JK, Gordon JI (2010) QIIME allows analysis of high-
throughput community sequencing data. Nat methods 7:335-336 
Carlson CA, Ingraham JL (1983) Comparison of denitrification by Pseudomonas stutzeri, 
Pseudomonas aeruginosa, and Paracoccus denitrificans. Appl Environ Microbiol 
45:1247-1253. 
Castresana J (2000) Selection of conserved blocks from multiple alignments for their use 
in phylogenetic analysis. Mol Biol Evol 17: 540-552 
Cazenave A, Llovel W (2010) Contemporary sea level rise. Annu Rev Marine Sci 2: 145-
173 
Chaia EE, Wall LG, Huss-Danell K (2010) Life in soil by the actinorhizal root nodule 
endophyte Frankia. A review. Symbiosis 51:201-226 doi:10.1007/s13199-010-
0086-y 
Chan Y, Van Nostrand JD, Zhou J, Pointing SB, Farrell RL (2013) Functional ecology of an 
Antarctic dry valley. PNAS 110, 8990-8995 
Chao A, Wang Y, Jost L (2013) Entropy and the species accumulation curve: a novel 
entropy estimator via discovery rates of new species. Meth Ecol Evol 4:1091-
1100 
Chapin FS, Walker LR, Fastie CL, Sharman LC (1994) Mechanisms of primary succession 
following deglaciation at Glacier Bay, Alaska. Ecol Monogr 64:149-175 
Chèneby D, Philippot L, Hartmann A, Hénault C, Germon J-C (2000) 16S rDNA analysis 
for characterization of denitrifying bacteria isolated from three agricultural 
soils. FEMS Microb Ecol 34:121-128 
Referencias Bibliográficas | 191 
 
 
Chenu C, Stotzky G, Huang P, Bollag J, Senesi N (2002) Interactions between 
microorganisms and soil particles: an overview Interactions between soil 
particles and microorganisms: Impact on the terrestrial ecosystem IUPAC John 
Wiley & Sons, Ltd, pp.1-40 
Chiri E, Nauer PA, Henneberger R, Zeyer J, Schroth MH (2015) Soil–methane sink 
increases with soil age in forefields of Alpine glaciers. Soil Biol Biochem 84:83-
95 doi:10.1016/j.soilbio.2015.02.003 
Christensen NL (2014) An historical perspective on forest succession and its relevance 
to ecosystem restoration and conservation practice in North America. Forest 
Ecol Manag 330:312-322 
Chun J, Rainey FA (2014) Integrating genomics into the taxonomy and systematics of the 
Bacteria and Archaea. Int J Syst Evol Micr 64:316-324 doi:10.1099/ijs.0.054171-
0 
Church JA, White NJ (2006) A 20th Century acceleration in global sea-level rise. 
Geophysichal research letters 33, L01602, doi: 10.1029/2005GL024826 
Ciccazzo S, Esposito A, Borruso L, Brusetti L (2015) Microbial communities and primary 
succession in high altitude mountain environments. Annal Microbiol 
doi:10.1007/s13213-015-1130-1 
Clement M, Posada D, Crandall KA (2000) TCS: a computer program to estimate gene 
genealogies. Mol Ecol 9 (10): 1657-1660 
Clements FE (1916) Plant succession: an analysis of the development of vegetation. vol 
242. Carnegie Institution of Washington  
Clements FE (1928) Plant succession and indicators. The HW Wilson Company  
Colinvaux, P (1993) Ecology 2. Wiley International  
Collins MD, Rodrigues U, Ash C, Aguirre M, Farrow JAE, Martínez-Murcia A, Phillips BA, 
Williams AM, Wallbanks S (1991) Phylogenetic analysis of the genus 
Lactobacillus and related lactic acid bacteria as determined by reverse 
transcriptase sequencing of 16S rRNA. FEMS Microbiol Lett 77: 5-12 
Cong J, Yang Y, Liu X, Lu H, Liu X, Zhou J, Li D, Yin H, Ding J, Zhang Y. (2015) Analyses of 
soil microbial community compositions and functional genes reveal potential 
consequences of natural forest succession. Sci Rep 5, 10007. doi: 
10.1038/srep10007 
Connell JH, Slatyer RO (1977) Mechanisms of succession in natural communities and 
their role in community stability and organization. Am Nat:1119-1144 
Cook ER, Kairiukstis LA (2013) Methods of dendrochronology: applications in the 
environmental sciences. Springer Science & Business Media 
Cooper WS (1916) Plant successions in the Mount Robson region, British Columbia. The 
Plant World 19:211-238  
Costa JL, Martínez Romero E, Lindblad P (2004) Sequence based data supports a single 
Nostoc Strain in individual coralloid roots of cycads. FEMS Microb Ecol 49: 481-
487 
192 | Referencias Bibliográficas 
 
 
Costa JL, Paulsrud P, Rikikinen J, Lindblad P (2001) Genetic diversity of Nostoc symbionts 
endophytically associated with two bryophyte species. Appl Env Microb 67: 
4393-4396 
Covington WW (1981) Changes in forest floor organic matter and nutrient content 
following clear cutting in northern hardwoods. Ecology 62:41-48 
Cowles HC (1901) The Physiographic Ecology of Chicago and Vicinity; A Study of the 
Origin, Development, and Classification of Plant Societies (Concluded). 
Botanical Gazette 31:145-182 
Crews TE, Kurina LM, Vitousek PM (2001) Organic matter and nitrogen accumulation 
and nitrogen fixation during early ecosystem development in Hawaii. 
Biogeochemistry 52, 259-279 
Crocker RL, Major J (1955) Soil development in relation to vegetation and surface age at 
Glacier Bay, Alaska. J Ecol:427-448 
Cubero ÓF, Crespo A, Fatehi J, Bridge PD (1999) DNA extraction and PCR amplification 
method suitable for fresh, herbarium-stored, lichenized and other fungi. Plant 
Syst Evol 216: 243-249 
Curiel Yuste J, Baldocchi DD, Gershenson A, Goldstein A, Misson L, Wong S (2007) 
Microbial soil respiration and its dependency on carbon inputs, soil 
temperature and moisture. Glob Change Biol 13:2018-2035 
doi:10.1111/j.1365-2486.2007.01415.x 
Cutler NA, Chaput DL, van der Gast CJ (2014) Long-term changes in soil microbial 
communities during primary succession. Soil Biol Biochem 69:359-370 
Damon C, Barroso G, Ferandon C, Ranger J, Fraissinet-Tachet L, Marmeisse R (2010) 
Performance of the COX1 gene as a marker for the study of metabolically active 
Pezizomycotina and Agaricomycetes fungal communities from the analysis of 
soil RNA. FEMS Microb Ecol 74:693-705 doi:10.1111/j.1574-6941.2010.00983.x 
Davey MC, Rothery P (1993) Primary colonization by microalgae in relation to spatial 
variation in edaphic factors on Antarctic fellfield soils. J Ecol 81: 335-343 
Davies B, Glasser N (2012) Accelerating shrinkage of Patagonian glaciers from the Little 
Ice Age (∼ AD 1870) to 2011. J Glaciol 58:1063-1084 
de los Ríos A, Ascaso C, Wierzchos J (1999) Study of lichens with different state of 
hydration by the combination of low temperature scanning electron and 
confocal laser scanning microscopies. Int Microb 2: 251-257 
de los Ríos A, Raggio J, Pérez-Ortega S, Vivas M, Pintado A, Allan Green TG, Ascaso C, 
Sancho L (2011) Anatomical, morphological and ecophysiological strategies in 
Placopsis pycnotheca (lichenized fungi, Ascomycota) allowing rapid 
colonization of recently deglaciated soils. doi: 10.1016/j.flora.2011.05.002 
De Visscher A, De Pourcq I, Chanton J (2004) Isotope fractionation effects by diffusion 
and methane oxidation in landfill cover soils. J Geophys Res-Atmos 109:1–8 
doi:10.1029/2004jd004857 
Referencias Bibliográficas | 193 
 
 
Decaëns T (2010) Macroecological patterns in soil communities Global Ecol Biogeogr 
19:287-302 doi:10.1111/j.1466-8238.2009.00517.x 
Decaëns T, Jiménez JJ, Gioia C, Measey G, Lavelle P (2006) The values of soil animals for 
conservation biology. Eur J Soil Biol 42:S23-S38 
Decaëns T, Lavelle P, Jimenez J-J (2008) Priorities for conservation of soil animals. CAB 
Reviews 3:1-18 
Deiglmayr K, Philippot L, Tscherko D, Kandeler E. (2006) Microbial succession of nitrate‐
reducing bacteria in the rhizosphere of Poa alpina across a glacier foreland in 
the Central Alps. Environ Microbiol 8:1600-1612 
del Moral R (1999) Predictability of primary successional wetlands on pumice, Mount St. 
Helens. Madroño 46:177-186 
del Moral R, Wood DM (1993) Early primary succession on the volcano Mount St. Helens. 
J Veg Sci 4:223-234 
DeLong EF (1992) Archaea in coastal marine environments. PNAS 89:5685-5689 
DeLuca TH, Zackrisson O, Gundale MJ, Nilsson MC (2008) Ecosystem feedbacks and 
nitrogen fixation in boreal forests. Science 320: 1181–1181. 
Densmore RV (2005) Succession on Subalpine Placer Mine Spoil: Effects of Revegetation 
with Alnus viridis, Alaska, U.S.A. Arct Antarc Alp Res 37:297-303 
doi:10.1657/1523-0430(2005)037[0297:sospms]2.0.co;2 
Dickie IA, Martínez-García LB, Koele N, Grelet GA, Tylianakis JM, Peltzer DA, Richardson 
SJ (2013) Mycorrhizas and mycorrhizal fungal communities throughout 
ecosystem development. Plant Soil 367:11-39 doi:10.1007/s11104-013-1609-0 
Dini-Andreote F, de Cassia Pereira ESM, Triado-Margarit X, Casamayor EO, van Elsas JD, 
Salles JF (2014) Dynamics of bacterial community succession in a salt marsh 
chronosequence: evidences for temporal niche partitioning. ISME J 8:1989-
2001 doi:10.1038/ismej.2014.54 
Dini-Andreote F, Stegen JC, van Elsas JD, Salles JF (2015) Disentangling mechanisms that 
mediate the balance between stochastic and deterministic processes in 
microbial succession. PNAS, 112(11), E1326-E1332. 
Dodds WK, Gudder DA, Mollenhauer D (1995) The Ecology of Nostoc. J Phycol 31 (1): 2-
18. 
Drury WH, Nisbet IC (1973) Succession. J Arnold Arbor 54:331-368 
Duc L, Noll M, Meier BE, Bürgmann H, Zeyer J (2009) High diversity of diazotrophs in the 
forefield of a receding Alpine glacier. Microb Ecol 57: 179-190. doi: 
10.1007/s00248-008-9408-5 
Duggin IG , Aylett CH, Walsh JC, Michie KA, Wang Q, Turnbull L, Dawson EM, Harry EJ, 
Whitchurch CB, Amos LA, Lowe J (2015) CetZ tubulin-like proteins control 
archaeal cell shape. Nature 519:362-365 doi:10.1038/nature13983 
Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res 32:1792-1797 
194 | Referencias Bibliográficas 
 
 
Edgar RC (2010) Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics 26:2460-2461 doi:10.1093/bioinformatics/btq461 
Egler FE (1954) Vegetation science concepts I. Initial floristic composition, a factor in old-
field vegetation development with 2 figs. Vegetatio 4:412-417 
Egli M, Wernli M, Burga C, Kneisel C, Mavris C, Valboa G, Mirabella A, Plötze M, Haeberli 
W (2011) Fast but spatially scattered smectite-formation in the proglacial area 
Morteratsch: an evaluation using GIS. Geoderma 164:11-21 
Ehrhardt CJ, Haymon RM, Lamontagne MG, Holden PA (2007) Evidence for 
hydrothermal Archaea within the basaltic flanks of the East Pacific Rise. Environ 
Microbiol 9:900-912 
Eilers KG, Debenport S, Anderson S, Fierer N (2012) Digging deeper to find unique 
microbial communities: The strong effect of depth on the structure of bacterial 
and archaeal communities in soil. Soil Biol Biochem 50:58-65 
doi:10.1016/j.soilbio.2012.03.011 
Ekschmitt K, Kandeler E, Poll C, Brune A, Buscot F, Friedrich M, Gleixner G, Hartmann A, 
Kästner M, Marhan S, Miltner A, Scheu S, Wolters V (2008) Soil-carbon 
preservation through habitat constraints and biological limitations on 
decomposer activity. J Plant Nutr Soil SC171:27-35 doi:10.1002/jpln.200700051 
Ellis CJ, Coppins BJ (2006) Contrasting functional traits maintain lichen epiphyte diversity 
in response to climate and autogenic succession. J Biogeogr 33:1643-1656 
doi:10.1111/j.1365-2699.2006.01522.x 
Elster J (2002) Ecological classification of terrestrial algal communities in polar 
environments. In: Beyer L, Bölter M (eds) Geoecology of Antarctic ice-free 
coastal landscapes. Springer pp 303-326 
Endlicher W, Santana Aguila A (1988) El clima del Sur de la Patagonia y sus aspectos 
ecológicos. Un siglo de mediciones climatológicas en Punta Arenas. Ans Inst Pat 
Cs Nats, Punta Arenas (Chile) 18: 57-86 
Eriksson O (2000) Seed dispersal and colonization ability of plants—assessment and 
implications for conservation. Folia Geobot 35:115-123 
Escudero A, Martínez I, De la Cruz A, Otálora M, Maestre F (2007) Soil lichens have 
species-specific effects on the seedling emergence of three gypsophile plant 
species. J Arid Environ 70:18-28 
Esperschütz J, Pérez de Mora A, Schreiner K, Welzl G, Buegger F, Zeyer J, Hagedorn F, 
Munch J, Schloter M (2011) Microbial food web dynamics along a soil 
chronosequence of a glacier forefield. Biogeosciences 8:3283-3294 
Evans D, Archer S, Wilson D (1999) A comparison of the lichenometric and Schmidt 
hammer dating techniques based on data from the proglacial areas of some 
Icelandic glaciers. Quaternary Sci Rev 18:13-41 
Excoffier L, Laval G, Schneider S. (2005) Arlequin (version 3.0): An integrated software 
package for population genetics data analysis. Evol Bioinform Online 1: 47-50 
Excoffier L, Smouse P, Quattro J (1992) Analysis of molecular variance inferred from 
Referencias Bibliográficas | 195 
 
 
metric distances among DNA haplotypes: Application to human mitochondrial 
DNA restriction data. Genetics 131: 479–491 
Farrell TM (1991) Models and mechanisms of succession: an example from a rocky 
intertidal community. Ecol Monogr :95-113 
Fastie CL (1995) Causes and ecosystem consequences of multiple pathways of primary 
succession at Glacier Bay, Alaska. Ecology 76:1899-1916 
Fernández-Martínez MA, de Los Ríos A, Sancho LG, Perez-Ortega S (2013) Diversity of 
endosymbiotic Nostoc in Gunnera magellanica from Tierra del Fuego, Chile. 
Microb Ecol 66:335-350  
Fernández-Martínez MA, Pérez-Ortega S, Pointing SB, Sancho LG, de los Ríos (2016) 
Microbial succession dynamics along glacier forefield chronosequences in 
Tierra del Fuego (Chile). Submitted 
Feuerer T, Hawksworth DL (2007) Biodiversity of lichens, including a world-wide analysis 
of checklist data based on Takhtajan’s floristic regions. Biodivers Conserv 16:85-
98 doi:10.1007/s10531-006-9142-6 
Field C, Barros VR, Dokken DJ, Mach K, Mastrandrea M, Bilir T, Chatterjee M, Ebi K, 
Estrada Y, Genova R (2014) IPCC, 2014: Climate Change 2014: Impacts, 
Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution 
of Working Group II to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press 
Fierer N, Bradford MA, Jackson RB (2007a) Toward an ecological classification of soil 
bacteria. Ecology 88:1354-1364 
Fierer N, Breitbart M, Nulton J, Salamon P, Lozupone C, Jones R, Robeson M, Edwards 
RA, Felts B, Rayhawk S, Knight R, Rohwer F, Jackson RB (2007b) Metagenomic 
and small-subunit rRNA analyses reveal the genetic diversity of bacteria, 
archaea, fungi, and viruses in soil. Appl Environ Microbiol 73:7059-7066 
doi:10.1128/AEM.00358-07 
Fierer N, Jackson RB (2006) The diversity and biogeography of soil bacterial 
communities. PNAS of the United States of America 103:626-631 
doi:10.1073/pnas.0507535103 
Fierer N, Lennon JT (2011). The generation and maintenance of diversity in microbial 
communities Am J Bot 98:439-448 doi:10.3732/ajb.1000498 
Fierer N, Nemergut D, Knight R, Craine JM (2010) Changes through time: integrating 
microorganisms into the study of succession. Res Microbiol 161:635-642 
doi:10.1016/j.resmic.2010.06.002 
Fierer N, Schimel JP, Holden PA (2003) Variations in microbial community composition 
through two soil depth profiles. Soil Biol Biochem 35:167-176 
Figueroa-Martinez F, Nedelcu AM, Smith DR, Reyes-Prieto A (2015) When the lights go 
out: the evolutionary fate of free-living colorless green algae. New Phytol 
206:972-982 doi:10.1111/nph.13279 
196 | Referencias Bibliográficas 
 
 
Fisher SG (1990) Recovery processes in lotic ecosystems: limits of successional theory. 
Environ Manage 14:725-736 
Foght J, Aislabie J, Turner S, Brown CE, Ryburn J, Saul DJ, Lawson W (2004) Culturable 
bacteria in subglacial sediments and ice from two Southern Hemisphere 
glaciers. Microb Ecol 47:329-340 doi:10.1007/s00248-003-1036-5 
Fox GE, Wisotzeky JD, Jurtshuk Jr P (1992) How close is close: 16S rRNA sequence 
identity may not be sufficient to guarantee species identity. Int J Syst Bacteriol 
42: 166-170 
Francis RA (2006) Allogenic and autogenic influences upon riparian vegetation dynamics. 
Area 38:453-464 
Free SJ (2013) Fungal cell wall organization and biosynthesis Adv Genet 81:33-82 
Freeman KR, Pescador MY, Reed SC, Costello EK, Robeson MS, Schmidt SK (2009) Soil 
CO2 flux and photoautotrophic community composition in high-elevation, 
'barren' soil. Environ Microbiol 11, 674-686. doi: 10.1111/j.1462-
2920.2008.01844.x 
Frenot Y, Gloaguen J, Cannavacciuolo M, Bellido A (1998) Primary succession on glacier 
forelands in the subantarctic Kerguelen Islands. J Veg Sci 9:75-84 
Frenot Y, Van Vliet-Lanoë B, Gloaguen JC (1995) Particle transformation and initial soil 
development on a glacier foreland, Kerguelen Islands, Subantarctic. Arct Alp 
Res 27: 107-115 
Frey B, Bühler L, Schmutz S, Zumsteg A, Furrer G (2013) Molecular characterization of 
phototrophic microorganisms in the forefield of a receding glacier in the Swiss 
Alps. Environ Res Lett 8:015033 
Friedl T, Bhattacharya D (2002) Origin and evolution of green lichen algae. In: Symbiosis, 
Seckbach J (ed). Kluwer Academic Publishers pp. 341-357. 
Friedl T, Büdel B (2008) Photobionts. In: Nash TH (ed) Lichen Biology. Cambridge 
University Press pp 9-26 
Fukami T, Morin PJ (2003) Productivity–biodiversity relationships depend on the history 
of community assembly. Nature 424:423-426 
Gadd GM (2007) Geomycology: biogeochemical transformations of rocks, minerals, 
metals and radionuclides by fungi, bioweathering and bioremediation. Mycol 
res 111:3-49 
Gans J, Wolinsky M, Dunbar J (2005) Computational improvements reveal great bacterial 
diversity and high metal toxicity in soil. Science 309:1387-1390 
Gantar M, Kerby NW, Rowell P (1993) Colonization of wheat (Triticum vulgare L.) by N2-
fixing cyanobacteria. III. The role of a hormogonia-promoting factor. New 
Phytol. 124:505-513 
García-Martínez J, Acinas SG, Antón AI, Rodríguez-Valera, F (1999) Use of the 16S-23S 
ribosomal genes spacer region in studies of prokaryotic diversity. J Microbiol 
Meths 36 (1-2): 55-64 
Referencias Bibliográficas | 197 
 
 
Gardes M, Bruns TD (1993) ITS primers with enhanced specificity for basidiomycetes‐
application to the identification of mycorrhizae and rusts. Mol Ecol 2:113-118 
Garnier E, Cortez J, Billès G, Navas ML, Roumet C, Debussche M, Laurent G, Blanchard, 
A, Aubry D, Bellmann A (2004) Plant functional markers capture ecosystem 
properties during secondary succession. Ecology 85:2630-2637 
Garrett SD (2013) Soil fungi and soil fertility: an introduction to soil mycology. Elsevier  
Garrity G, Boone DR, Castenholz RW (2012) Bergey's Manual of Systematic Bacteriology: 
Volume One: The Archaea and the Deeply Branching and Phototrophic 
Bacteria. Springer Science & Business Media  
Garrity GM, Boone DR, Castenholz RW (eds., 2001). Bergey’s Manual of Systematic 
Bacteriology, 2nd ed., vol. 1, Springer-Verlag 
Gerphagnon M, Latour D, Colombet J, Sime-Ngando T (2013) Fungal parasitism: life 
cycle, dynamics and impact on cyanobacterial blooms. PloS one 8:e60894 
Gilbert JA, Field D, Swift P, Thomas S, Cummings D, Temperton B, Weynberg K, Huse S, 
Hughes M, Joint I (2010) The taxonomic and functional diversity of microbes at 
a temperate coastal site: a ‘multi-omic’study of seasonal and diel temporal 
variation. PloS one 5:e15545 
Giri B, Giang PH, Kumari R, Prasad R, Varma A (2005) Microbial Diversity in soils. In: 
Microorganisms in soils: Roles in genesis and functions, Buscot F, Varma A (eds.) 
Springer pp.19-58 
Gleason HA (1926) The individualistic concept of the plant association. B Torrey Bot 
Club:7-26 
Gleason HA (1939) The individualistic concept of the plant association. Am Midl Nat :92-
110 
Goehring BM, Lohne ØS, Mangerud J, Svendsen JI, Gyllencreutz R, Schaefer J, Finkel R 
(2012) Late glacial and holocene 10Be production rates for western Norway. J 
Quaternary Sci 27:89-96 doi:10.1002/jqs.1517 
Goh E-B, Yim G, Tsui W, McClure J, Surette MG, Davies J (2002) Transcriptional 
modulation of bacterial gene expression by subinhibitory concentrations of 
antibiotics. PNAS 99:17025-17030. 
Golley FB (1977) Ecological succession. Dowden, Hutchinson & Ross 
Gorbushina AA, Broughton WJ (2009) Microbiology of the atmosphere-rock interface: 
how biological interactions and physical stresses modulate a sophisticated 
microbial ecosystem. Annu Rev Microbiol 63:431-450 
doi:10.1146/annurev.micro.091208.073349 
Gordon JE, Sharp M (1983) Lichenometry in dating recent glacial landforms and deposits, 
southeast Iceland Boreas 12:191-200 doi:10.1111/j.1502-3885.1983.tb00312.x 
Graham LE, Wilcox LW (2000) Algae. Prentice Hall. 
Granath G, Strengbom J, Rydin H (2010) Rapid ecosystem shifts in peatlands: linking 
plant physiology and succession. Ecology 91:3047-3056 
198 | Referencias Bibliográficas 
 
 
Griffiths RI, Thomson BC, James P, Bell T, Bailey M, Whiteley AS (2011) The bacterial 
biogeography of British soils. Environ microbiol 13(6), 1642-1654 
Grubb P (1986) The ecology of establishment. In: Bradshaw AD, Goode DA, Thorpe E 
(eds) Ecology and design in landscape. Symp Br Ecol Soc 24 pp 83-97  
Guariguata MR, Ostertag R (2001) Neotropical secondary forest succession: changes in 
structural and functional characteristics. Forest Ecol Manag 148:185-206 
Guelland K, Esperschütz J, Bornhauser D, Bernasconi S, Kretzschmar R, Hagedorn F 
(2013) Mineralisation and leaching of C from 13 C labelled plant litter along an 
initial soil chronosequence of a glacier forefield. Soil Biol Biochem 57, 237-247 
Guevara R, Armesto JJ, Caru M (2002) Genetic diversity of Nostoc microsymbionts from 
Gunnera tinctoria revealed by PCR-STRR fingerprinting. Microb Ecol 44: 127-
136 
Guiry MD (2012) How Many Species of Algae Are There?. J Phycol 48:1057-1063 
doi:10.1111/j.1529-8817.2012.01222.x 
Hahn AS, Quideau SA (2013) Shifts in soil microbial community biomass and resource 
utilization along a Canadian glacier chronosequence. Can J Soil Sci 93, 305-318. 
doi: 10.4141/cjss2012-133 
Hall TA (1999) BioEdit: a user friendly biological sequence alignment editor and analysis 
program for Windows 95/98/NT. Nuc Acids Symp Ser 41: 95-98 
Hamady M, Lozupone C, Knight R (2010) Fast UniFrac: facilitating high-throughput 
phylogenetic analyses of microbial communities including analysis of 
pyrosequencing and PhyloChip data. ISME J 4:17-27 doi:10.1038/ismej.2009.97 
Hamady M, Walker JJ, Harris JK, Gold NJ, Knight R (2008) Error-correcting barcoded 
primers for pyrosequencing hundreds of samples in multiplex. Nature met 
5:235-237 doi:10.1038/nmeth.1184 
Han D, Fan Y, Hu, Z (2009) An evaluation of four phylogenetic markers in Nostoc: 
implications for cyanobacterial phylogenetic studies at the intrageneric level. 
Curr Microbiol 58: 170-176 
Hanes TL (1971) Succession after fire in the chaparral of southern California. Ecol 
Monogr : 27-52 
Hanson CA, Fuhrman JA, Horner-Devine MC, Martiny JB (2012) Beyond biogeographic 
patterns: processes shaping the microbial landscape. Nat Rev Microbiol 10:497-
506 doi:10.1038/nrmicro2795 
Harden JW (1982) A quantitative index of soil development from field descriptions: 
Examples from a chronosequence in central California. Geoderma 28:1-28 
Harhangi HR, Le Roy M, van Alen T, Hu BL, Groen J, Kartal B, Tringe SG, Quan ZX, Jetten 
MS, Op den Camp HJ (2012) Hydrazine synthase, a unique phylomarker with 
which to study the presence and biodiversity of anammox bacteria. Appl 
Environ Microb 78:752-758 doi:10.1128/AEM.07113-11 
Hart MW, Sunday J (2007) Things fall apart: biological species from unconnected 
parsimony networks. Biol Lett 3: 509-512. 
Referencias Bibliográficas | 199 
 
 
Hartmann M, Lee S, Hallam SJ, Mohn WW (2009) Bacterial, archaeal and eukaryal 
community structures throughout soil horizons of harvested and naturally 
disturbed forest stands. Environ Microbiol 11:3045-3062 
Hasegawa M, Kishino H, Saitou N (1991) On the maximum likelihood method in 
molecular phylogenetics. J Mol Evol 32 (5): 443-445 
Haugland JE, Haugland BSO (2008) Cryogenic disturbance and pedogenic lag effects as 
determined by the profile developmental index: The styggedalsbreen glacier 
chronosequence, Norway. Geomorphology 96:212-220 
Hawes T (2008) Aeolian fallout on recently deglaciated terrain in the high Arctic. Polar 
Biol 31:295-301 
Hayat R, Ali S, Amara U, Khalid R, Ahmed I (2010) Soil beneficial bacteria and their role 
in plant growth promotion: a review. Ann Microbiol 60:579-598 
doi:10.1007/s13213-010-0117-1 
Hayden HS, Waaland JR (2002) Phylogenetic systematics of the Ulvaceae (Ulvales, 
Ulvophyceae) using chloroplast and nuclear DNA sequences. J Phycol 38:1200-
1212 
He L, Tang Y (2008) Soil development along primary succession sequences on moraines 
of Hailuogou Glacier, Gongga Mountain, Sichuan, China. Catena 72:259-269 
doi:http://dx.doi.org/10.1016/j.catena.2007.05.010 
He Z, Gentry TJ, Schadt CW, Wu L, Liebich J, Chong SC, Huang Z, Wu W, Gu B, Jardine P, 
Criddle C, Zhou J. (2007) GeoChip: a comprehensive microarray for investigating 
biogeochemical, ecological and environmental processes. ISME J 1, 67-77. doi: 
10.1038/ismej.2007.2 
Heger TJ, Straub F, Mitchell EA (2012) Impact of farming practices on soil diatoms and 
testate amoebae: A pilot study in the DOK-trial at Therwil, Switzerland. Eur J 
Soil Biol 49:31-36 
Hense BA, Kuttler C, Müller J, Rothballer M, Hartmann A, Kreft JU (2007) Does efficiency 
sensing unify diffusion and quorum sensing? Nat Rev Microbiol 5:230-9. 
Herdman M, Rippka R (1988) Cellular differentiation: hormogonia and baeocytes. 
Methods Enzymol 167:232-242 
Heuer H, Krsek M, Baker P, Smalla K, Wellington E (1997) Analysis of actinomycete 
communities by specific amplification of genes encoding 16S rRNA and gel-
electrophoretic separation in denaturing gradients. Appl Environ Microbiol 
63:3233-3241 
Heyman J, Stroeven AP, Harbor JM, Caffee MW (2011) Too young or too old: Evaluating 
cosmogenic exposure dating based on an analysis of compiled boulder 
exposure ages. Earth Planet Sc Lett  302:71-80 doi:10.1016/j.epsl.2010.11.040 
Hibbett D (2016) The invisible dimension of fungal diversity. Science 351:1150-1151 
Hibbett DS, Taylor JW (2013) Fungal systematics: is a new age of enlightenment at 
hand?. Nat Rev Microbiol 11:129-133 doi:10.1038/nrmicro2963 
200 | Referencias Bibliográficas 
 
 
Hibbing ME, Fuqua C, Parsek MR, Peterson SB (2010) Bacterial competition: surviving 
and thriving in the microbial jungle. Nat Rev Microbiol 8:15-25 
doi:10.1038/nrmicro2259 
Hiebert FK, Bennett PC (1992) Microbial control of silicate weathering in organic-rich 
ground water. Science 278-278 
Hijmans RJ, Guarino L, Cruz M, Rojas E (2001) Computer tools for spatial analysis of plant 
genetic resources data: 1. DIVA-GIS. Plant Genet Res Newsl 127: 15-19 
Hill G, Mitkowski N, Aldrich-Wolfe L, Emele L, Jurkonie D, Ficke A, Maldonado-Ramirez 
S, Lynch S, Nelson E (2000) Methods for assessing the composition and diversity 
of soil microbial communities Appl Soil Ecol 15:25-36 
Hirsch PR, Mauchline TH, Clark IM (2010) Culture-independent molecular techniques for 
soil microbial ecology. Soil Biol Biochem 42:878-887 
doi:10.1016/j.soilbio.2010.02.019 
Hobbs RJ, Walker LR, Walker J (2007) Integrating restoration and succession. In:  Linking 
restoration and ecological succession. Springer, pp 168-179 
Hodge A, Robinson D, Fitter A (2000) Are microorganisms more effective than plants at 
competing for nitrogen?. Trends Plant Sci 5:304-308 
Hodkinson ID, Coulson SJ, Webb NR (2003) Community assembly along proglacial 
chronosequences in the high Arctic: vegetation and soil development in north‐
west Svalbard. J Ecol 91:651-663 
Hodkinson ID, Webb NR, Coulson SJ (2002) Primary community assembly on land–the 
missing stages: why are the heterotrophic organisms always there first?. J Ecol 
90:569-577 
Hodson A, Anesio AM, Tranter M, Fountain AG, Osborn M, Priscu J, Laybourn-Parry J, 
Sattler B (2008) Glacial ecosystems. Ecol Monogr 78: 41-67 
Hoffman LR, D’Argenio DA, Bader M, Miller SI (2007) Microbial recognition of antibiotics: 
ecological, physiological, and therapeutic implications. Microbe 2:175–182 
Hoffmann L (1989) Algae of terrestrial habitats. Bot R 55:77-105 
doi:10.1007/bf02858529 
Hofmann K, Reitschuler C, Illmer P (2013) Aerobic and anaerobic microbial activities in 
the foreland of a receding glacier. Soil Biol Biochem 57:418-426 
Holmlund P, Fuenzalida H (1995) Anomalous glacier responses to 20th century climatic 
changes in Darwin Cordillera, southern Chile. J Glaciol 41:465-473 
Hoppert M, Flies C, Günzl B, Schneider J (2004) Colonization strategies of lithobionthic 
microorganisms on carbonate rocks. Environ Geol 46: 421-428 
Horn HS (1974) The ecology of secondary succession. Annu Rev Ecol Syst :25-37 
Horn HS (1981) Some causes of variety in patterns of secondary succession. In:  Forest 
succession. Springer, pp 24-35 
Horner-Devine MC, Bohannan BJM (2006) Phylogenetic clustering and overdispersion in 
bacterial communities. Ecology 87:S100-S108 
Referencias Bibliográficas | 201 
 
 
Hsieh T, Ma K, Chao A (2013) iNEXT online: interpolation and extrapolation (Version 1.3. 
0) Software. Available: http://chao.stat.nthu.edu.tw/blog/software-download 
Huber T, Faulkner G, Hugenholtz P (2004). Bellerophon; a program to detect chimeric 
sequences in multiple sequence alignments. Bioinformatics 20, 2317-2319  
Hunger S, Gossner AS, Drake HL (2015) Anaerobic trophic interactions of contrasting 
methane-emitting mire soils: processes versus taxa. FEMS Microbiol Ecol 91 
doi:10.1093/femsec/fiv045 
IBM Corp (2014) IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp. 
Igual JM, Valverde A, Peix A, Santa Regina I (2006) La simbiosis actinorrícica. Fijación de 
Nitrógeno: Fundamentos y Aplicaciones, pp 232-243  
Janatkova K, Rehakova K, Dolezal J, Simek M, Chlumska Z, Dvorsky M, Kopecky M (2013) 
Community structure of soil phototrophs along environmental gradients in arid 
Himalaya. Environ Microbiol 15, 2505-2516. doi: 10.1111/1462-2920.12132 
Janse I, Meima M, Kardinaal WEA, Zwart G (2003) High-resolution differentation of 
cyanobacteria by using rRNA-Internal Transcribed Spacer denaturing gradient 
gel electrophoresis. Appl Env Microb 69: 6634-6643 
Jenny H (1994) Factors of soil formation: a system of quantitative pedology. Courier 
Corporation,  
Jetten MS (2008) The microbial nitrogen cycle. Environ Microbiol 10:2903-2909 
doi:10.1111/j.1462-2920.2008.01786.x 
Jia Z, Conrad R (2009) Bacteria rather than archaea dominate microbial ammonia 
oxidation in an agricultural soil. Environ Microbiol 11:1658-1671. 
Jiménez HE, Armesto JJ (1992) Importance of the soil seed bank of disturbed sites in 
Chilean matorral in early secondary succession. J Veg Sci 3:579-586 
Joergensen R, Wichern F (2008) Quantitative assessment of the fungal contribution to 
microbial tissue in soil. Soil Biol Biochem 40:2977-2991 
doi:10.1016/j.soilbio.2008.08.017 
Johnson EA, Miyanishi K (2008) Testing the assumptions of chronosequences in 
succession. Ecology Lett 11:419-431 doi:10.1111/j.1461-0248.2008.01173.x 
Johnson EA, Miyanishi K (2010) Plant disturbance ecology: the process and the response. 
Academic Press  
Johnson SL, Budinoff CR, Belnap J, Garcia G Pichel F (2005) Relevance of ammonium 
oxidation within biological soil crust communities. Environ Microbiol 7: 1-12 
Jumpponen A (2003) Soil fungal community assembly in a primary successional glacier 
forefront ecosystem as inferred from rDNA sequence analyses. New Phytol 
158:569-578 
Jumpponen A, Brown SP, Trappe JM, Cázares E, Strömmer R (2012) Twenty years of 
research on fungal–plant interactions on Lyman Glacier forefront–lessons 
learned and questions yet unanswered. Fungal Ecol 5:430-442 
Jumpponen A, Mattson K, Trappe JM, Ohtonen R (1998) Effects of established willows 
on primary succession on Lyman Glacier forefront, North Cascade Range, 
202 | Referencias Bibliográficas 
 
 
Washington, USA: evidence for simultaneous canopy inhibition and soil 
facilitation. Arctic Alpine Res, 31-39 
Kaiser E, Mueller T, Joergensen R, Insam H, Heinemeyer O (1992) Evaluation of methods 
to estimate the soil microbial biomass and the relationship with soil texture and 
organic matter. Soil Biol Biochem 24:675-683 
Kandeler E, Deiglmayr K, Tscherko D, Bru D, Philippot L (2006) Abundance of narG, nirS, 
nirK, and nosZ genes of denitrifying bacteria during primary successions of a 
glacier foreland. Appl Environ Microbiol 72:5957-5962. doi: 
10.1128/AEM.00439-06 
Karsten U, Holzinger A (2014) Green algae in alpine biological soil crust communities: 
acclimation strategies against ultraviolet radiation and dehydration. Biodivers 
Conserv 23:1845-1858 doi:10.1007/s10531-014-0653-2 
Kastovska K, Elster J, Stibal M, Santruckova H (2005) Microbial assemblages in soil 
microbial succession after glacial retreat in Svalbard (High Arctic). Microb Ecol 
50:396-407 doi:10.1007/s00248-005-0246-4 
Keller L, Surette MG (2006) Communication in bacteria: an ecological and evolutionary 
perspective. Nat Rev Microbiol 4:249–258 
Kemmitt SJ, Lanyon CV, Waite IS, Wen Q, Addiscott TM, Bird NRA, O’Donnell AG, Brookes 
PC (2008) Mineralization of native soil organic matter is not regulated by the 
size, activity or composition of the soil microbial biomass—a new perspective. 
Soil Biol Biochem 40:61-73 doi:10.1016/j.soilbio.2007.06.021 
Kersters K, De Vos P, Gillis M, Swings J, Vandamme P, Stackebrandt E (2006) Introduction 
to the Proteobacteria. In: Balows A, Dworkin M, Hardes W et al (eds) The 
Prokaryotes: Volume 5: Proteobacteria: Alpha and Beta Subclasses. Springer-
Verlag KG, Germany pp 3-37 
Killham K (1994) Soil ecology. Cambridge University Press  
Kim KH, Chang HW, Nam YD, Roh SW, Kim MS, Sung Y, Jeon CO, Oh HM, Bae JW (2008) 
Amplification of uncultured single-stranded DNA viruses from rice paddy soil. 
Appl Environ Microb 74:5975-5985 doi:10.1128/AEM.01275-08 
King AM, Adams MJ, Lefkowitz EJ (2011) Virus taxonomy: classification and 
nomenclature of viruses: Ninth Report of the International Committee on 
Taxonomy of Viruses vol 9. Elsevier,  
Kinney KM, Asner GP, Cordell S, Chadwick OA, Heckman K, Hotchkiss S, Jeraj M, 
Kennedy-Bowdoin T, Knapp DE, Questad EJ, Thaxton JM, Trusdell F, Kellner JR 
(2015) Primary Succession on a Hawaiian Dryland Chronosequence. PloS one 
10:e0123995 doi:10.1371/journal.pone.0123995 
Kirk JL, Beaudette LA, Hart M, Moutoglis P, Klironomos JN, Lee H, Trevors JT (2004) 
Methods of studying soil microbial diversity. J Microbiol Meth 58:169-188 
doi:10.1016/j.mimet.2004.04.006 
Referencias Bibliográficas | 203 
 
 
Kitayama K, Mueller‐Dombois D, Vitousek PM (1995) Primary succession of Hawaiian 
montane rain forest on a chronosequence of eight lava flows. J Veg Sci 6:211-
222 
Klingl A (2014) S-layer and cytoplasmic membrane - exceptions from the typical archaeal 
cell wall with a focus on double membranes. Front Microb 5:624 
doi:10.3389/fmicb.2014.00624 
Knelman JE, Legg TM, O’Neill SP, Washenberger CL, González A, Cleveland CC, Nemergut 
DR (2012) Bacterial community structure and function change in association 
with colonizer plants during early primary succession in a glacier forefield. Soil 
Biol Biochem 46:172-180 
Koch J (2015) Little Ice Age and recent glacier advances in the Cordillera Darwin, Tierra 
del Fuego, Chile. Anales Instituto Patagonia (Chile) 43:127-136 127 
Konopka A, Turco R (1991) Biodegradation of organic compounds in vadose zone and 
aquifer sediments. Appl Environ Microb 57:2260-2268 
Koonin EV, Mulkidjanian AY (2013) Evolution of cell division: from shear mechanics to 
complex molecular machineries. Cell 152:942-944 
doi:10.1016/j.cell.2013.02.008 
Koppes M, Hallet B, Anderson J (2009) Synchronous acceleration of ice loss and glacial 
erosion, Glaciar Marinelli, Chilean Tierra del Fuego. J Glaciol 55:207-220 
Koremblit G, Forte Lay JA (1991) Contribución al estudio agroclimático del norte de 
Tierra del Fuego (Argentina). Ans Inst Pat Cs Nats, Punta Arenas (Chile) 20: 125-
134 
Koskella B, Brockhurst MA (2014) Bacteria–phage coevolution as a driver of ecological 
and evolutionary processes in microbial communities. FEMS Microbiol Rev 38, 
916-931 
Krieg NR, Ludwig W, Whitman WB, Hedlund BP, Paster BJ, Staley JT, Ward N, Brown D 
(eds., 2010). Bergey’s Manual of Systematic Bacteriology, 2nd ed., vol. 4, 
Springer-Verlag 
Kruger FJ (1983) Plant community diversity and dynamics in relation to fire. In:  
Mediterranean-type ecosystems. Springer, pp 446-472 
Krupovic M, Dutilh BE, Adriaenssens EM, Wittmann J, Vogensen FK, Sullivan MB, 
Rumnieks J, Prangishvili D, Lavigne R, Kropinski AM, Klumpp J, Gillis A, Enault F, 
Edwards RA, Duffy S, Clokie MR, Barylski J, Ackermann HW, Kuhn JH (2016) 
Taxonomy of prokaryotic viruses: update from the ICTV bacterial and archaeal 
viruses subcommittee. Arch Virol 161:1095-1099 doi:10.1007/s00705-015-
2728-0 
Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones SJ, Marra MA 
(2009) Circos: an information aesthetic for comparative genomics. Genome Res 
19:1639-1645 
Kuykendall L, Young J, Martínez-Romero E, Kerr A, Sawada H (2005) Genus Rhizobium, a 
highly divergent genus in a revised family, the Rhizobiaceae. In: Garrity G (ed) 
204 | Referencias Bibliográficas 
 
 
Bergey’s Manual of Systematic Bacteriology, 2nd Edition, 2nd Volume, Springer-
Verlag pp 324-340 
Landeweert R, Hoffland E, Finlay RD, Kuyper TW, van Breemen N (2001) Linking plants 
to rocks: ectomycorrhizal fungi mobilize nutrients from minerals. Trends Ecol 
Evol 16:248-254 
Lane DJ, Pace B, Olsen GJ, Stahl DA, Sogin ML, Pace NR (1985) Rapid determination of 
16S ribosomal RNA sequences for phylogenetic analyses. PNAS 82:6955-6959 
Lapanje A, Wimmersberger C, Furrer G, Brunner I, Frey B (2012) Pattern of elemental 
release during the granite dissolution can be changed by aerobic heterotrophic 
bacterial strains isolated from Damma glacier (Central Alps) deglaciated granite 
sand. Microb Ecol 63, 865-882 
Lauber CL, Hamady M, Knight R, Fierer N. (2009) Pyrosequencing-based assessment of 
soil pH as a predictor of soil bacterial community structure at the continental 
scale. Appl Environ Microb 75, 5111-5120 
Lavahun M, Joergensen R, Meyer B (1996) Activity and biomass of soil microorganisms 
at different depths. Biol Fert Soils 23:38-42 
Lazzaro A, Franchini A, Brankatschk R, Zeyer J (2010) Pioneer communities in the 
forefields of retreating glaciers: how microbes adapt to a challenging 
environment. Formatex pp 43-52 
Leclercq PW, Oerlemans J, Cogley JG (2011) Estimating the Glacier Contribution to Sea-
Level Rise for the Period 1800–2005. Surv Geophys 32:519-535 
doi:10.1007/s10712-011-9121-7 
Lee RE (2008). Phycology. Cambridge University Press 
Lennon JT, Jones SE (2011) Microbial seed banks: the ecological and evolutionary 
implications of dormancy. Nat Rev Microbiol 9:119-130 
doi:10.1038/nrmicro2504 
Lever MA (2016) A New Era of Methanogenesis Research. Trends Microbiol 24:84-86 
doi:10.1016/j.tim.2015.12.005 
Levy-Booth DJ, Prescott CE, Grayston SJ (2014) Microbial functional genes involved in 
nitrogen fixation, nitrification and denitrification in forest ecosystems. Soil Biol 
Biochem 75:11-25 
Lewis LA, Lewis PO (2005) Unearthing the molecular phylodiversity of desert soil green 
algae (Chlorophyta) Syst Biol 54:936-947 doi:10.1080/10635150500354852 
Lewis LA, McCourt RM (2004) Green algae and the origin of land plants. Am J Bot 
91:1535-1556 
Li F, Liu M, Li Z, Jiang C, Han F, Che Y (2013) Changes in soil microbial biomass and 
functional diversity with a nitrogen gradient in soil columns. Appl Soil Ecol  64:1-
6 doi:10.1016/j.apsoil.2012.10.006 
Librado P, Rozas J (2009) DnaSP v5: A software for comprehensive analysis of DNA 
polymorphism data. Bioinforma 25: 1451-1452 
Referencias Bibliográficas | 205 
 
 
Liengen T, Olsen RA (1997) Nitrogen fixation by free-living cyanobacteria from different 
coastal sites in high arctic tundra, Spitsbergen. Arct Alp Res 29: 470-477 
Ligi T, Truu M, Oopkaup K, Nõlvak H, Mander Ü, Mitsch WJ, Truu J (2015) The genetic 
potential of N2 emission via denitrification and ANAMMOX from the soils and 
sediments of a created riverine treatment wetland complex. Ecol Eng  80:181-
190 doi:10.1016/j.ecoleng.2014.09.072 
Loman NJ, Constantinidou C, Chan JZ, Halachev M, Sergeant M, Penn CW, Robinson ER, 
Pallen MJ (2012) High-throughput bacterial genome sequencing: an 
embarrassment of choice, a world of opportunity. Nat Rev Microbiol 10:599-
606 doi:10.1038/nrmicro2850 
Lombard N, Prestat E, van Elsas JD, Simonet P (2011) Soil-specific limitations for access 
and analysis of soil microbial communities by metagenomics. FEMS Microb Ecol 
78:31-49 
López P, Chevallier P, Favier V, Pouyaud B, Ordenes F, Oerlemans J (2010) A regional 
view of fluctuations in glacier length in southern South America. Global Planet 
Change 71:85-108 
Lozupone C, Knight R (2005) UniFrac: a new phylogenetic method for comparing 
microbial communities. Appl Environ Microbiol 71:8228-8235 
doi:10.1128/AEM.71.12.8228-8235.2005 
Lozupone CA, Knight R.(2007). Global patterns in bacterial diversity. PNAS 104, 11436-
11440. doi: 10.1073/pnas.0611525104. 
Luebert F, Pliscoff P (2006). Sinopsis bioclimática y vegetacional de Chile. Editorial 
Universitaria. 
Lueders T, Friedrich M (2000) Archaeal population dynamics during sequential reduction 
processes in rice field soil. Appl Environ Microb 66:2732-2742 
Luken JO (1990) Directing ecological succession. Springer Science & Business Media 
Lukesova A (2001) Soil algae in brown coal and lignite post-mining areas in central 
Europe (Czech Republic and Germany) Restoration Ecol 9:341-350 
Lund J (1967) Soil algae. Soil biology:129-147 
Lutzoni F, Miadlikowska J (2009) Lichens. Curr Biol 19:R502-503 
doi:10.1016/j.cub.2009.04.034 
Lyautey E, Jackson CR, Cayrou J, Rols JL, Garabetian F (2005) Bacterial community 
succession in natural river biofilm assemblages. Microb Ecol 50:589-601 
doi:10.1007/s00248-005-5032-9 
Madigan MT, Martinko JM, Dunlap PV, Clark DP (2008) Brock Biology of microorganisms 
12th edn International Microbiology 11:65-73 
Madsen EL (1995) Impacts of agricultural practices on subsurface microbial ecology. Adv 
Agron  
Maharning AR, Mills AAS, Adl SM (2009) Soil community changes during secondary 
succession to naturalized grasslands. Appl Soil Ecol 41:137-147 
doi:10.1016/j.apsoil.2008.11.003 
206 | Referencias Bibliográficas 
 
 
Maidak BL, Olsen GJ, Larsen N, Overbeek R, McCaughey MJ, Woese CR (1996) The 
ribosomal database project (RDP). Nucleic Acids Res 24:82-85 
Mapelli F, Marasco R, Balloi A, Rolli E, Cappitelli F, Daffonchio D, Borin S (2012) Mineral–
microbe interactions: biotechnological potential of bioweathering. J Biotech 
157:473-481 
Margalef R (1968) Perspectives in ecological theory  
Marilley L, Aragno M (1999) Phylogenetic diversity of bacterial communities differing in 
degree of proximity of Lolium perenne and Trifolium repens roots. Appl Soil 
Ecol  13:127-136 
Markgraf V, Huber UM (2010) Late and Postglacial vegetation and fire history in 
Southern Patagonia and Tierra del Fuego. Paleo3 297: 351-366 
Martínez-Murcia AJ, Benlloch S, Collins MD (1992) Phylogenetic interrelationships of the 
genera Aeromonas and Pleisiomonas as determined by 16S ribosomal DNA 
sequencing: lack of congruence with results of DNA-DNA hybridization. Int J 
Syst Bacteriol 50: 412-421 
Martínez-Murcia AJ, Collins MD (1990) A phylogenetic analysis of the genus Leuconostoc 
based on reverse transcriptase sequencing on 16S rRNA. FEMS Microb Lett 70: 
73-83  
Marzeion B, Cogley JG, Richter K, Parkes D (2014) Attribution of global glacier mass loss 
to anthropogenic and natural causes. Science 345:919-921 
doi:10.1126/science.1254702 
Masiokas MH, Luckman BH, Villalba R, Delgado S, Skvarca P, Ripalta A (2009a) Little Ice 
Age fluctuations of small glaciers in the Monte Fitz Roy and Lago del Desierto 
areas, south Patagonian Andes, Argentina. Paleo3 281:351-362 
doi:10.1016/j.palaeo.2007.10.031 
Masiokas MH, Rivera A, Espizua LE, Villalba R, Delgado S, Aravena JC (2009b) Glacier 
fluctuations in extratropical South America during the past 1000 years. Palaeo3 
281:242-268 
Matthews JA (1992) The ecology of recently deglaciated terrain. A geoecological 
approach to glacier forelands and primary succession. Cambridge University 
Press 
Mavris C, Egli M, Plötze M, Blum JD, Mirabella A, Giaccai D, Haeberli W (2010) Initial 
stages of weathering and soil formation in the Morteratsch proglacial area 
(Upper Engadine, Switzerland). Geoderma 155:359-371 
McCaig AE, Glover LA, Prosser JI (1999) Molecular analysis of bacterial community 
structure and diversity in unimproved and improved upland grass pastures. 
Appl Environ Microb 65:1721-1730 
McFarland S, Westrop SR, Cheel RJ (1999) Allogenic versus autogenic processes in the 
genesis of Middle Ordovician brachiopod-rich shell beds, Verulam Formation, 
Ontario. Palaios:282-287 
Referencias Bibliográficas | 207 
 
 
McIntosh RP (1999) The succession of succession: a lexical chronology. Bulletin of the 
Ecological Society of America 80:256-265 
McMurdie PJ, Holmes S (2014) Waste not, want not: Why rarefying microbiome data is 
inadmissible. PLoS Comput Biol 10:e1003531 
Meeks JC (1998) Symbiosis between nitrogen-fixing cyanobateria and plants. BioSci 48: 
266-276 
Meeks JC, Elhai J (2002) Regulation of cellular differentation in filamentous 
cyanobacterial in free-living and plant-associated symbiotic growth states. 
Microb Mol Rev 66: 94-121 
Melkonian AK, Willis MJ, Pritchard ME, Rivera A, Bown F, Bernstein SA (2013) Satellite-
derived volume loss rates and glacier speeds for the Cordillera Darwin Icefield, 
Chile. The Cryosphere 7:823-839 doi:10.5194/tc-7-823-2013 
Meola M, Lazzaro A, Zeyer J (2014) Diversity, resistance and resilience of the bacterial 
communities at two alpine glacier forefields after a reciprocal soil 
transplantation. Environ microbiol 16, 1918-1934 
Michaud J-P, Schoenly KG, Moreau G (2015) Rewriting ecological succession history: did 
carrion ecologists get there first?. The Quarterly review of biology 90:45-66 
Miles J, Walton D (1993) Primary succession on land. vol 12. Blackwell Scientific 
Publications  
Millanes AM, Diederich P, Ekman S, Wedin M (2011) Phylogeny and character evolution 
in the jelly fungi (Tremellomycetes, Basidiomycota, Fungi). Mol Phylogenet Evol 
61:12-28 doi:10.1016/j.ympev.2011.05.014 
Miller M, Pfeiffer W, Schwartz T (2010) Creating the CIPRES Science Gateway for 
inference of large phylogenetic trees. In: Gateway Computing Environments 
Workshop (GCE). IEEE, pp 1-8 
Miniaci C, Bunge M, Duc L, Edwards I, Bürgmann H, Zeyer J (2007) Effects of pioneering 
plants on microbial structures and functions in a glacier forefield. Biol Fert Soils 
44:289-297 
Miteva VI, Sheridan P, Brenchley J (2004) Phylogenetic and physiological diversity of 
microorganisms isolated from a deep Greenland glacier ice core. Appl Environ 
Microb 70:202-213 
Molina, J.J.C. (1983) Reflexiones geográficas acerca del clima frío oceánico del 
hemisferio sur, Punta Arenas (Chile). Revista de Geografía Norte Grande 10, 3-
16 
Molles MC (2006) Ecología conceptos y aplicaciones. McGraw Hill 
Monier J-M, Demanèche S, Delmont TO, Mathieu A, Vogel TM, Simonet P (2011) 
Metagenomic exploration of antibiotic resistance in soil. Curr opin microbiol  
14:229-235 
Morrone JJ (2000) Biogeographic delimitation of Subantarctic subregion and its 
provinces. Rev Mus Argentino Cienc Natn 2:1–15 
208 | Referencias Bibliográficas 
 
 
Mouginot J, Rignot E (2015) Ice motion of the Patagonian Icefields of South America: 
1984-2014. Geophys Res Lett  42:1441-1449 doi:10.1002/2014gl062661 
Muir J (1915) Travels in Alaska. Houghton Mifflin Harcourt  
Murrell JC, Jetten MS (2009) The microbial methane cycle. Environ Microbiol Rep 1, 279-
284. doi: 10.1111/j.1758-2229.2009.00089.x 
Muyzer G, De Waal EC, Uitterlinden AG (1993) Profiling of complex microbial 
populations by denaturing gradient gel electrophoresis analysis of polymerase 
chain reaction-amplified genes coding for 16S rRNA. Appl Environ Microbiol 
59:695-700 
Nabors MW (2004) Introduction to Botany. Pearson Education, Inc. 
Nara K (2006) Ectomycorrhizal networks and seedling establishment during early 
primary succession. New Phytol 169:169-178 doi:10.1111/j.1469-
8137.2005.01545.x 
Nauer PA, Dam B, Liesack W, Zeyer J, Schroth MH (2012) Activity and diversity of 
methane-oxidizing bacteria in glacier forefields on siliceous and calcareous 
bedrock. Biogeosciences 9, 2259-2274. doi: 10.5194/bg-9-2259-2012 
Nei M (1987) Molecular Evolutionary Genetics. Columbia Uni Press  
Nemergut DR, Anderson SP, Cleveland CC, Martin AP, Miller AE, Seimon A, Schmidt SK 
(2007) Microbial community succession in an unvegetated, recently 
deglaciated soil. Microb Ecol 53:110-122 doi:10.1007/s00248-006-9144-7 
Nemergut DR, Knelman JE, Ferrenberg S, Bilinski T, Melbourne B, Jiang L, Violle C, Darcy 
JL, Prest T, Schmidt SK, Townsend, AR (2015). Decreases in average bacterial 
community rRNA operon copy number during succession. ISME J 10, 1147–
1156; doi:10.1038/ismej.2015.191 
Nemergut DR, Schmidt SK, Fukami T, O'Neill SP, Bilinski TM, Stanish LF, Knelman JE, 
Darcy JL, Lynch RC, Wickey P, Ferrenberg S (2013) Patterns and processes of 
microbial community assembly. Microbiol Mol Biol R: MMBR 77:342-356 
doi:10.1128/MMBR.00051-12 
Nicol GW, Tscherko D, Chang L, Hammesfahr U, Prosser JI (2006) Crenarchaeal 
community assembly and microdiversity in developing soils at two sites 
associated with deglaciation. Environ Microbiol 8:1382-1393 
doi:10.1111/j.1462-2920.2006.01031.x 
Nilsson M, Bergman B, Rasmussen U (2000) Cyanobacterial diversity in geographically 
related and distant host plant of the genus Gunnera. Arch Microb 173: 97-102  
Noll M, Wellinger M (2008) Changes of the soil ecosystem along a receding glacier: 
Testing the correlation between environmental factors and bacterial 
community structure. Soil Biol Biochem 40:2611-2619 
Nübel U, García-Pichel F, Muyzer G (1997) PCR primers to amplify rRNA genes from 
cyanobacteria. Appl Env Microb 63: 3327-3332 
Referencias Bibliográficas | 209 
 
 
O’Brien HE, Miadlikowska J, Lutzoni F (2005a) Assessing host specialization in symbiotic 
cyanobacteria associated with four closely related species of the lichen fungus 
Peltigera. Eur J Phycol 40: 363-378 
O'Brien HE, Parrent JL, Jackson JA, Moncalvo JM, Vilgalys R (2005b) Fungal community 
analysis by large-scale sequencing of environmental samples. Appl Environ 
Microb 71:5544-5550 doi:10.1128/AEM.71.9.5544-5550.2005 
Ochsenreiter T, Selezi D, Quaiser A, Bonch-Osmolovskaya L, Schleper C (2003) Diversity 
and abundance of Crenarchaeota in terrestrial habitats studied by 16S RNA 
surveys and real time PCR. Environ Microbiol 5:787-797 doi:10.1046/j.1462-
2920.2003.00476.x 
Odum EP (1969) The strategy of ecosystem development Sustainability: Sustainability 
164:58 
Odum EP, Odum HT, Andrews J (1971) Fundamentals of ecology vol 3. Saunders  
Oehl F, Schneider D, Sieverding E, Burga CA (2011) Succession of arbuscular mycorrhizal 
communities in the foreland of the retreating Morteratsch glacier in the Central 
Alps. Pedobiologia 54:321-331 
Offre P, Spang A, Schleper C (2013) Archaea in biogeochemical cycles. Annu Rev 
Microbiol 67:437-457 doi:10.1146/annurev-micro-092412-155614 
Ohtonen R, Fritze H, Pennanen T, Jumpponen A, Trappe J (1999) Ecosystem properties 
and microbial community changes in primary succession on a glacier forefront. 
Oecologia 119:239-246 
Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin P, O’Hara R, Simpson G, Solymos 
P, Stevens M, Wagner H (2013) Package ‘vegan’—Community Ecology Package. 
version 2.0-0.  
Ollivier J, Towe S, Bannert A, Hai B, Kastl EM, Meyer A, Su MX, Kleineidam K, Schloter M 
(2011) Nitrogen turnover in soil and global change. FEMS Microbiol Ecol 78, 3-
16. doi: 10.1111/j.1574-6941.2011.01165.x 
Olsen GJ, Woese CR (1997) Archaeal genomics: an overview. Cell 89:991-994 
Orr SP, Rudgers JA, Clay K (2005) Invasive plants can inhibit native tree seedlings: testing 
potential allelopathic mechanisms. Plant Ecol 181:153-165 
Osborne B, Bergman B (2009) Why does Gunnera do it and other Angiosperm don’t? An 
evolutionary perspective on the Gunnera-Nostoc symbiosis. Microb Monogr 8: 
207-224 
Osono T, Trofymow JA (2012) Microfungal diversity associated with Kindbergia oregana 
in successional forests of British Columbia. Ecol Res 27:35-41 
Otto B, Schlosser D, Reisser W (2010) First description of a laccase-like enzyme in soil 
algae. Arch microbiol 192:759-768 doi:10.1007/s00203-010-0603-7 
Ow MC, Gantar M, Elhai J (1999) Reconstitution of a cycad-cyanobacterial association. 
Symbiosis 27: 125-134 
Padmanabhan P, Padmanabhan S, DeRito C, Gray A, Gannon D, Snape J, Tsai C, Park W, 
Jeon C, Madsen E (2003) Respiration of 13C-labeled substrates added to soil in 
210 | Referencias Bibliográficas 
 
 
the field and subsequent 16S rRNA gene analysis of 13C-labeled soil DNA. Appl 
Environ Microb 69:1614-1622 
Palmer K, Horn MA (2012) Actinobacterial nitrate reducers and proteobacterial 
denitrifiers are abundant in N2O-metabolizing palsa peat. Appl Environ Microb 
78:5584-5596 
Papaefthimiou D, Hrouzek P, Mugnai MA, Lukesova A, Turicchia S, Rasmussen U, 
Ventura S (2008) Differential patterns of evolution and distribution of the 
symbiotic behaviour in nostocacean cyanobacteria. Int J Syst Evol Micr 58:553-
564 doi:10.1099/ijs.0.65312-0 
Paul EA (2014) Soil microbiology, ecology and biochemistry. Academic press  
Paulsrud P, Lindblad P (1998) Sequence variation of the tRNAleu intron as a marker for 
genetic diversity and specificity of symbiotic cyanobacteria in some lichens. 
Appl Env Microb 64: 310-315.  
Pedersen JC, Jacobsen CS (1993) Fate of Enterobacter cloacae JP120 and Alcaligenes 
eutrophus AEO106 (pRO101) in soil during water stress: effects on culturability 
and viability. Appl Environ Microb 59:1560-1564 
Peet R, Christensen N (1980) Succession: A Population Process. In: van der Maarel E (ed) 
Succession, vol 3. Advances in vegetation science. Springer Netherlands, pp 
131-140. doi:10.1007/978-94-009-9200-9_14 
Pfeffer WT, Arendt AA, Bliss A, Bolch T, Cogley JG, Gardner AS, Hagen J-O, Hock R, Kaser 
G, Kienholz C, Miles ES, Moholdt G, Mölg N, Paul F, Radić V, Rastner P, Raup BH, 
Rich J, Sharp MJ (2014) The Randolph Glacier Inventory: a globally complete 
inventory of glaciers. J Glaciol 60:537-552 doi:10.3189/2014JoG13J176 
Philippot L, Germon JC (2005) Contribution of Bacteria to initial input and cycling of 
nitrogen in soils. InCapítulo 2 libro :“ Microorganisms in soils: Roles in geénesis 
and functions”-, Buscot F y, Varma A (eds.) Springer pp.159-176 
Philippot L, Tscherko D, Bru D, Kandeler E (2011) Distribution of high bacterial taxa 
across the chronosequence of two alpine glacier forelands. Microb Ecol 61:303-
312 doi:10.1007/s00248-010-9754-y 
Phillips JD (2014) The robustness of chronosequences. Ecol Model 
doi:10.1016/j.ecolmodel.2013.12.018 
Pickett S, Collins S, Armesto J (1987) Models, mechanisms and pathways of succession. 
Bot R 53:335-371 
Pickett Sã, Cadenasso M, Meiners S (2009) Ever since Clements: from succession to 
vegetation dynamics and understanding to intervention. Appl Veg Sci  12:9-21 
Pickett ST, Cadenasso ML, Meiners S (2005) Vegetation dynamics. Veg ecol :172-198 
Pielou EC (1966) Species-diversity and pattern-diversity in the study of ecological 
succession. Journal of theoretical biology 10:370-383 
Pointing SB, Belnap J (2012) Microbial colonization and controls in dryland systems. Nat 
Rev Microbiol 10:551-562 
Referencias Bibliográficas | 211 
 
 
Pointing SB, Chan Y, Lacap DC, Lau MC, Jurgens JA, Farrell RL (2009) Highly specialized 
microbial diversity in hyper-arid polar desert. PNAS 106:19964-19969 
doi:10.1073/pnas.0908274106 
Posada D (2008) jModelTest: Phylogenetic Model Averaging. Mol Biol Evol 25 (7): 1253-
1256 
Powell J, Klironomos J (2014) The Ecology of Plant –Microbial Mutualisms. In : Soil 
Biology, Ecology, and Biochemistry, Paul EA (ed). Academic Press pp.257-283 
Prach K, Tichý L, Lencová K, Adámek M, Koutecký T, Sádlo J, Bartošová A, Novák J, Kovář 
P, Jírová A (2016) Does succession run towards potential natural vegetation? 
An analysis across seres. J Veg Sci 27:515-523 
Price-Whelan A, Dietrich LEP, Newman DK (2006) Rethinking ‘secondary’ metabolism: 
physiological roles for phenazine antibiotics. Nature Chem Biol 2:71–78  
Prosser JI, Nicol GW (2008) Relative contributions of archaea and bacteria to aerobic 
ammonia oxidation in the environment. Environ Microbiol 10:2931-2941 
doi:10.1111/j.1462-2920.2008.01775.x 
Pueyo Y, Beguería S (2007) Modelling the rate of secondary succession after farmland 
abandonment in a Mediterranean mountain area. Landscape Urban Plan  
83:245-254 doi:10.1016/j.landurbplan.2007.04.008 
Purdie RW, Slatyer R (1976) Vegetation succession after fire in sclerophyll woodland 
communities in south‐eastern Australia. Australian J Ecol 1:223-236 
Rabassa J, Coronato A, Martínez Ó (2011) Late Cenozoic glaciatons in Patagonia and 
Tierra del fuego: an updated review. Biol J Linnean Soc 103: 316-335. 
Raggio J, Green TGA, Crittenden PD, Pintado A, Vivas M, Pérez-Ortega S, de los Ríos A, 
Sancho LG (2012) Comparative ecophysiology of three Placopsis species, 
pioneer lichens in recently exposed Chilean glacial forelands. Symbiosis 56, 55-
66. doi: 10.1007/s13199-012-0159-1 
Rahmonov O, Cabala J, Bednarek R, Rozek D, Florkiewicz A (2015) Role of soil algae on 
the initial stages of soil formation in sandy polluted areas. Ecol Chem Eng S 
22:675-690 doi: 10.1515/eces-2015-0041  
Rahmstorf S (2010) A new view on sea level rise. Nat Rep Cli Chang 4: 44-45 
Rai AN, Söderbäck E, Bergman B (2000) Cyanobacterium-plant symbioses. Tansley 
review No 116. New Phytol 147: 449-481 
Ramirez KS, Craine JM, Fierer N (2012) Consistent effects of nitrogen amendments on 
soil microbial communities and processes across biomes. Glob Change Biol 
18:1918-1927 doi:10.1111/j.1365-2486.2012.02639.x 
Ranjard L, Dequiedt S, Chemidlin Prevost-Boure N, Thioulouse J, Saby NP, Lelievre M, 
Maron PA, Morin FE, Bispo A, Jolivet C, Arrouays D, Lemanceau P (2013) 
Turnover of soil bacterial diversity driven by wide-scale environmental 
heterogeneity. Nature comm 4:1434 doi:10.1038/ncomms2431 
Rao NS (1999) Soil microbiology. Science Publishers, Inc.  
212 | Referencias Bibliográficas 
 
 
Rasmussen U, Johansson C, Renglin A, Petersson C, Bergman B (1996) A molecular 
characterization of the Gunnera-Nostoc symbiosis: comparison with 
Rhizobium- and Agrobacterium-plant interactions. New Phytol 133: 391-398 
Rasmussen U, Svenning MM (2001) Characterization by genotypic methods of symbiotic 
Nostoc strains isolated from five species of Gunnera. Arch Microb 176: 204-210 
Rasran L (2004) Soil algae and cyanobacteria in the alpine plant communities. In: 
Onipchenko VG (ed) Alpine Ecosystems in the Northwest Caucasus. Springer, 
pp 263-270 
Reiners WA, Worley IA, Lawrence DB (1971) Plant diversity in a chronosequence at 
Glacier Bay, Alaska. Ecology:55-69 
Reynolds HL, Packer A, Bever JD, Clay K (2003) Grassroots ecology: plant-microbe-soil 
interactions as drivers of plant community structure and dynamics. Ecology 
84:2281-2291 
Rice EL, Pancholy SK (1972) Inhibition of nitrification by climax ecosystems. Am J 
Bot:1033-1040 
Richter DD, Markewitz D (1995) How deep is soil? BioScience 45:600-609 
Rignot E, Rivera A, Casassa G (2003) Contribution of the Patagonia Icefields of South 
America to Sea Level Rise. Science 302:434-437 doi:10.1126/science.1087393 
Rime T, Hartmann M, Brunner I, Widmer F, Zeyer J, Frey B (2015) Vertical distribution of 
the soil microbiota along a successional gradient in a glacier forefield. Mol Ecol 
24:1091-1108 
Rindi F, Allali HA, Lam DW, López-Bautista JM (2010) An overview of the biodiversity and 
biogeography of terrestrial green algae. In: Rescigno V, Maletta S (eds) 
Biodiversity Hotspots. Nova Science Publishers, New York pp 105-122 
Rivera A, Benham T, Casassa G, Bamber J, Dowdeswell JA (2007) Ice elevation and areal 
changes of glaciers from the Northern Patagonia Icefield, Chile. Global Planet 
Change  59:126-137 doi:http://dx.doi.org/10.1016/j.gloplacha.2006.11.037 
Rivera A, Casassa G, Acuña C, Lange H (2000) Variaciones recientes de glaciares en Chile. 
Invest Geogr, Chile 34: 29-60 
Robertson GP, Groffman PM (2014) Nitrogen transformation. In:Capítulo 2 libro Paul 
2014: “ Soil microbiology, Ecology and Biochemistry, Paul EA (ed.), Academic 
Press pp.341-364  
Rohwer F (2003) Global phage diversity. Cell 113:141 
Ronquist F, Huelsenbeck JP (2003) MRBAYES 3: Bayesian phylogenetic inference under 
mixed models. Bioinform 19: 1572-1574 
Rösch C, Mergel A, Bothe H (2002) Biodiversity of denitrifying and dinitrogen-fixing 
bacteria in an acid forest soil. Appl Environ Microb 68:3818-3829 
Rosling A, Cox F, Cruz-Martinez K, Ihrmark K, Grelet GA, Lindahl BD, Menkis A, James TY 
(2011) Archaeorhizomycetes: unearthing an ancient class of ubiquitous soil 
fungi. Science 333:876-879 doi:10.1126/science.1206958 
Referencias Bibliográficas | 213 
 
 
Rosling A, Timling I, Taylor DL (2013) Archaeorhizomycetes: Patterns of Distribution and 
Abundance in Soil. In: Horwitz BA, Mukherjee PK, Mukherjee M, Kubicek CP 
(eds) Genomics of soil and plant associated fungi. Springer, Germany pp 333-
349  
Rossello-Mora R, Amann R (2015) Past and future species definitions for Bacteria and 
Archaea. Syst Appl Microbiol 38:209-216 doi:10.1016/j.syapm.2015.02.001 
Rousk J, Baath E, Brookes PC, Lauber CL, Lozupone C, Caporaso JG, Knight R, Fierer N 
(2010) Soil bacterial and fungal communities across a pH gradient in an arable 
soil. ISME J 4:1340-1351 doi:10.1038/ismej.2010.58 
Roy J, Albert CH, Ibañez S, Saccone P, Zinger L, Choler P, Clément JC, Lavergne S, Geremia 
RA (2013) Microbes on the cliff: alpine cushion plants structure bacterial and 
fungal communities. Front microbiol 4, 64 
Rozzi R, Armesto JJ, Goffinet B, Buck W, Massardo F, Silander J, Arroyo MTK, Russell S, 
Anderson CB, Cavieres LA, Callicot JB (2008) Changing lenses to asses 
biodiversity: patterns of species richness in sub-Antarctic plants and 
implications for global conservation. Front Ecol Environ 6:131–137 
Rudi K, Skulberg OM, Jakobsen KS (1998) Evolution of cyanobacteria by exchange of 
genetic material among phyletically related strains. J Bacter 180: 3453-3461. 
Ruggiero MA, Gordon DP, Orrell TM, Bailly N, Bourgoin T, Brusca RC, Cavalier-Smith T, 
Guiry MD, Kirk PM (2015) A higher level classification of all living organisms. 
PloS one 10:e0119248 doi:10.1371/journal.pone.0119248 
Rull V (1999) A palynological record of a secondary succession after fire in the Gran 
Sabana, Venezuela. J Quaternary Sci 14:137-152 
Rumpel C, Kögel-Knabner I (2010) Deep soil organic matter—a key but poorly 
understood component of terrestrial C cycle. Plant Soil 338:143-158 
doi:10.1007/s11104-010-0391-5 
Rydgren K, Halvorsen R, Töpper JP, Njøs JM (2014) Glacier foreland succession and the 
fading effect of terrain age. J Veg Sci 25:1367-1380 
Sancho LG, Palacios D, Green TA, Vivas M, Pintado A (2011) Extreme high lichen growth 
rates detected in recently deglaciated areas in Tierra del Fuego. Polar Biol 
34:813-822 
Santana A, Porter C, Butorovic N, Olave C (2006) First climatologic antecedents of 
automatic weather stations (AWS) in the Beagle Channel, Magallanes, Chile. An 
Inst Patagonia 34:5-20 
Sattin SR, Cleveland CC, Hood E, Reed SC, King AJ, Schmidt SK, Robeson MS, Ascarrunz 
N, Nemergut DR (2009) Functional shifts in unvegetated, perhumid, recently-
deglaciated soils do not correlate with shifts in soil bacterial community 
composition. J Microbiol 47, 673-681 
Sauer D (2010) Approaches to quantify progressive soil development with time in 
Mediterranean climate—I. Use of field criteria. J Plant Nutr Soil SC173:822-842 
214 | Referencias Bibliográficas 
 
 
Scheu S (1990) Changes in microbial nutrient status during secondary succession and its 
modification by earthworms. Oecologia 84:351-358 
Schiefer E, Gilbert R (2007) Reconstructing morphometric change in a proglacial 
landscape using historical aerial photography and automated DEM generation. 
Geomorphology 88:167-178 
Schimel J, Balser TC, Wallenstein M (2007) Microbial stress-response physiology and its 
implications for ecosystem function. Ecology 88, 1386-1394. 
Schleper C, Holben W, Klenk H-P (1997) Recovery of crenarchaeotal ribosomal DNA 
sequences from freshwater-lake sediments. Appl Environ Microb 63:321-323 
Schloss PD, Handelsman J (2005) Metagenomics for studying unculturable 
microorganisms: cutting the Gordian knot. Genome Biol 6:229 doi:10.1186/gb-
2005-6-8-229 
Schloss PD, Westcott SL, Ryabin T, Hall J, Hartmann M, Hollister EB, Lesniewski RA, 
Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B, Thallinger GG, Van Horn DJ, 
Weber CF (2009) Introducing MOTHUR: Open-source, platform-independent, 
community-supported software for describing and comparing microbial 
communities. Appl Env Microb 75:7537-7541. 
Schmidt SK, Lynch RC, King AJ, Karki D, Robeson MS, Nagy L, Williams MW, Mitter MS, 
Freeman KR (2011) Phylogeography of microbial phototrophs in the dry valleys 
of the high Himalayas and Antarctica. P Roy Soc B 278:702-708 
doi:10.1098/rspb.2010.1254 
Schmidt SK, Reed SC, Nemergut DR, Grandy AS, Cleveland CC, Weintraub MN, Hill AW, 
Costello EK, Meyer AF, Neff JC, Martin AM (2008) The earliest stages of 
ecosystem succession in high-elevation (5000 metres above sea level), recently 
deglaciated soils. Proc R Soc B 275:2793-2802 doi:10.1098/rspb.2008.0808 
Schulz S, Brankatschk R, Dümig A, Kögel-Knabner I, Schloter M, Zeyer J (2013) The role 
of microorganisms at different stages of ecosystem development for soil 
formation. Biogeosciences 10, 3983-3996. doi: 10.5194/bg-10-3983-2013 
Schuster SC (2008) Next-generation sequencing transforms today's biology. Nature met 
5:16-18 doi:10.1038/nmeth1156 
Schutte UM, Abdo Z, Foster J, Ravel J, Bunge J, Solheim B, Forney LJ (2010) Bacterial 
diversity in a glacier foreland of the High Arctic. Mol Ecol 19 Suppl 1:54-66 
doi:10.1111/j.1365-294X.2009.04479.x 
Schweingruber FH (2012) Tree rings: basics and applications of dendrochronology. 
Springer Science & Business Media,  
Schwencke J, Carú M (2001) Advances in Actinorhizal Symbiosis: Host Plant- Frankia 
Interactions, Biology, and Applications in Arid Land Reclamation. A Review. Arid 
Land Res Manag 15:285-327 doi:10.1080/153249801753127615 
Seckbach J (2007) Algae and cyanobacteria in extreme environments vol 11. Springer 
Science & Business Media,  
Referencias Bibliográficas | 215 
 
 
Segawa T, Takeuchi N, Rivera A, Yamada A, Yoshimura Y, Barcaza G, Shinbori K, 
Motoyama H, Kohshima S, Ushida K (2013) Distribution of antibiotic resistance 
genes in glacier environments. Environ Microbiol Rep 5:127-134. doi: 
10.1111/1758-2229.12011. 
Seigler DS (1996) Chemistry and mechanisms of allelopathic interactions. Agronomy J 
88:876-885 
Selosse MA, Roy M (2009) Green plants that feed on fungi: facts and questions about 
mixotrophy. Trends Plant Sci 14:64-70 doi:10.1016/j.tplants.2008.11.004 
Shank EA, Kolter R (2009) New developments in microbial interspecies signaling. Curr 
Opin Microbiol 12, 205-214. 
Shapleigh JP (2013) Denitrifying prokaryotes. In: The prokaryotes, Rosenberg E, DeLong 
EF, Lory S, Stackebrandt E, Thompson F (eds.) Springer, pp 405-425 
Sharma S, Mehta R, Gupta R, Schloter M (2012) Improved protocol for the extraction of 
bacterial mRNA from soils. J Microbiol Meth 91:62-64 
Shaw MR, Harte J (2001) Response of nitrogen cycling to simulated climate change: 
differential responses along a subalpine ecotone. Glob Change Biol 7, 193-210. 
Shen W, Lin X, Shi W, Min J, Gao N, Zhang H, Yin R, He X (2010) Higher rates of nitrogen 
fertilization decrease soil enzyme activities, microbial functional diversity and 
nitrification capacity in a Chinese polytunnel greenhouse vegetable land. Plant 
Soil 337:137-150 
Shoun H, Kim DH, Uchiyama H, Sugiyama J (1992) Denitrification by fungi. FEMS 
Microbiol Lett 73:277-281. 
Shugart HHH (2013) Ecological Succession and Community Dynamics. In: Ecological 
Systems, Leemans R (ed.), Springer, pp 31-57 
Sigler WV, Crivii S, Zeyer J (2002) Bacterial succession in glacial forefield soils 
characterized by community structure, activity and opportunistic growth 
dynamics. Microb Ecol 44:306-316 doi:10.1007/s00248-002-2025-9 
Sigler WV, Zeyer J (2002) Microbial diversity and activity along the forefields of two 
receding glaciers. Microb Ecol 43:397-407 
Sigler WV, Zeyer J (2004) Colony-forming analysis of bacterial community succession in 
deglaciated soils indicates pioneer stress-tolerant opportunists. Microb Ecol 
48:316-323 doi:10.1007/s00248-003-0189-6 
Silvester WB, McNamara PJ (1976) The infection process and ultrastructure of the 
Gunnera-Nostoc symbiosis. New Phytol 77: 135-141. 
Simard SW, Durall DM (2004) Mycorrhizal networks: a review of their extent, function, 
and importance. Can J Botany 82:1140-1165 doi:10.1139/b04-116 
Sime-Ngando T (2012) Phytoplankton chytridiomycosis: fungal parasites of 
phytoplankton and their imprints on the food web dynamics. FMICB 3:361 
doi:10.3389/fmicb.2012.00361 
Simon C, Daniel R (2011) Metagenomic analyses: past and future trends. Appl Environ 
Microb 77:1153-1161 doi:10.1128/AEM.02345-10 
216 | Referencias Bibliográficas 
 
 
Skidmore M, Anderson SP, Sharp M, Foght J, Lanoil BD (2005) Comparison of microbial 
community compositions of two subglacial environments reveals a possible 
role for microbes in chemical weathering processes. Appl Environ Microbiol 
71:6986-6997 doi:10.1128/AEM.71.11.6986-6997.2005 
Smith DC, Douglas AE (1987) The biology of symbiosis. Edward Arnold 
Smith M, Rice C (1983) Soil biology and biochemical nitrogen transformations in no-tilled 
soils  
Smith T, Huston M (1990) A theory of the spatial and temporal dynamics of plant 
communities. In:  Progress in theoretical vegetation science. Springer, pp 49-69 
Smittenberg RH, Gierga M, Göransson H, Christl I, Farinotti D, Bernasconi SM (2012) 
Climate). Climate). Climate. ClimatelimateClimatelimate. Clchronosequence of 
the Damma glacier forefield, Switzerland. Glob Change Biol 18, 1941-1955. 
Smouse PE, Peakall, R, Gonzales E (2008) A heterogeneity test for fine-scale genetic 
structure. Mol Ecol 17: 3389-3400. 
Söderbäck E, Bergman B (1993) The Nostoc-Gunnera symbiosis: carbon fixation and 
translocation. Physiol Plant 89: 125-132. 
Solomina O, Bushueva I, Dolgova E, Jomelli V, Alexandrin M, Mikhalenko V, Matskovsky 
V (2016) Glacier variations in the Northern Caucasus compared to climatic 
reconstructions over the past millennium. Global Planet Change  140:28-58 
Sonstebo JH, Rohrlack T (2011) Possible implications of chytrid parasitism for population 
subdivision in freshwater cyanobacteria of the genus Planktothrix. Appl Environ 
Microbiol 77:1344-1351 doi:10.1128/AEM.02153-10 
Spang A, Saw JH, Jorgensen SL, Zaremba-Niedzwiedzka K, Martijn J, Lind AE, van Eijk R, 
Schleper C, Guy L, Ettema TJ (2015) Complex archaea that bridge the gap 
between prokaryotes and eukaryotes. Nature 521:173-179 
doi:10.1038/nature14447 
Srinivasiah S, Bhavsar J, Thapar K, Liles M, Schoenfeld T, Wommack KE (2008) Phages 
across the biosphere: contrasts of viruses in soil and aquatic environments. Res 
Microbiol 159:349-357 doi:10.1016/j.resmic.2008.04.010 
Stachowicz JJ (2001) Mutualism, Facilitation, and the Structure of Ecological 
Communities Positive interactions play a critical, but underappreciated, role in 
ecological communities by reducing physical or biotic stresses in existing 
habitats and by creating new habitats on which many species depend. 
Bioscience 51:235-246 
Stackebrand E, Ebers J (2006) Taxonomic parameters revisited: tarnished gold 
standards. Microbiol Today 33: 152-155. 
Stamatakis A (2006) RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses 
with thousands of taxa and mixed models. Bioinformatics 22:2688-2690 
Starks TL, Shubert LE, Trainor F (1981) Ecology of soil algae: a review. Phycologia 20:65-
80 
Referencias Bibliográficas | 217 
 
 
StataCorp (2015) Stata Statistical Software: Release 14. College Station, TX: StataCorp 
LP. 
Stewart WDP, Rowell P, Rai AN (1980) Symbiotic nitrogen-fixing cyanobacteria. In: 
Stewart WDP, Gallon JR (eds.): Nitrogen fixation. Acad Press, pp. 239-277. 
Stewart WDP, Rowell P, Rai AN (1983) Cyanobacteria-eukariotic plant symbiosis. Ann 
Microb (Instituto Pasteur) 134B: 205-228. 
Stibal M, Sabacka M, Kastovska K (2006) Microbial communities on glacier surfaces in 
Svalbard: impact of physical and chemical properties on abundance and 
structure of cyanobacteria and algae. Microb Ecol 52:644-654 
doi:10.1007/s00248-006-9083-3 
Strelin J, Casassa G, Rosqvist G, Holmlund P (2008) Holocene glaciations in the Ema 
glacier valley, Monte Sarmiento massif, Tierra del Fuego. Paleo3 260:299-314 
Strelin J, Iturraspe R (2007) Recent evolution and mass balance of Cordón Martial 
glaciers, Cordillera Fueguina Oriental. Global Planet Change  59:17-26 
doi:http://dx.doi.org/10.1016/j.gloplacha.2006.11.019 
Svenning MM, Eriksson T, Rasmussen U (2005) Phylogeny of symbiotic cyanobacteria 
within the genus Nostoc based on 16S rDNA sequence analyses. Arch Microb 
183: 19-26. 
Swift MJ, Heal OW, Anderson JM (1979) Decomposition in terrestrial ecosystems, vol 5. 
Univ of California Press,  
Tajhuddin N, Muralitharan G, Sundaramoorthy M, Ramamoorthy R, Ramachandran S, 
Abdulkadar Akbarsha M, Gunasekaran M (2010) Morphological and genetic 
diversity of symbiotic cyanobacteria from cycads. J Basic Microb 50: 254-265. 
Takeuchi N (2011) Glacial ecosystems In: Singh VP, Singh P, Haritashya UK (eds): 
Encyclopedia of Ice, Snow and Glaciers. 330-331. Encycl Earth Sci Ser, Springer. 
Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011) MEGA 5: Molecular 
Evolutionary Genetics Analysis using Maximum Likelihood, Evolutionary 
Distance, and Maximum Parsimony Methods. Mol Biol Evol, 
doi:10.1093/molbev/msr121. 
Tansley AG (1935) The use and abuse of vegetational concepts and terms. Ecology 
16:284-307 
Tansley AG (1929) Succession: the concept and its values. In: 4 International Congress 
of Plant Sciences,  
Tavaré S (1986) Some probabilistic and statistical problems in the analysis of DNA 
squences. Lect Math Life Sci 17: 57-86 
Tedersoo L, Bahram M, Põlme S, Kõljalg U, Yorou NS, Wijesundera R, Ruiz LV, Vasco-
Palacios AM, Thu PQ, Suija A. (2014) Global diversity and geography of soil 
fungi. Science 346, 1256688. 
Templeton AR, Crandall KA, Sing CF (1992) A cladistic analysis of phenotypic associations 
with haplotypes inferred from restriction endonuclease mapping and DNA 
sequence data. III. Cladogram Estimation. Genetics 132: 619-633. 
218 | Referencias Bibliográficas 
 
 
Thébault A, Clément J-C, Ibañez S, Roy J, Geremia RA, Pérez CA, Buttler A, Estienne Y, 
Lavorel S (2014) Nitrogen limitation and microbial diversity at the treeline. 
Oikos 123, 729-740. doi: 10.1111/j.1600-0706.2013.00860.x. 
Thingstad T, Lignell R (1997) Theoretical models for the control of bacterial growth rate, 
abundance, diversity and carbon demand. Aquatic Microb Ecol 13:19-27 
Thompson CC, Amaral GR, Campeao M, Edwards RA, Polz MF, Dutilh BE, Ussery DW, 
Sawabe T, Swings J, Thompson FL (2015) Microbial taxonomy in the post-
genomic era: rebuilding from scratch?. Arch microbiol 197:359-370 
doi:10.1007/s00203-014-1071-2 
Thompson HD, Higgins DJ, Gibson TJ (1994) CLUSTALW: improving the sensitivity of 
progressive multiple alignement through sequence weighting, position specific-
gap penalties and weight matrix choice. Nuc Acids Res 22: 4673-4680. 
Thompson JR, Pacocha S, Pharino C, Klepac-Ceraj V, Hunt DE, Benoit J, Sarma-Rupavtarm 
R, Distel DL, Polz MF (2005) Genotypic diversity within a natural coastal 
bacterioplankton population. Science 307:1311-1313 
Thonar C, Erb A, Jansa J (2012) Real-time PCR to quantify composition of arbuscular 
mycorrhizal fungal communities--marker design, verification, calibration and 
field validation. Mol Ecol Res 12:219-232 doi:10.1111/j.1755-
0998.2011.03086.x 
Tilman D (1988) Plant strategies and the dynamics and structure of plant communities. 
vol 26. Princeton University Press.  
Toky O, Ramakrishnan P (1983) Secondary succession following slash and burn 
agriculture in North-Eastern India: I. biomass, litterfall and productivity. J 
Ecol:735-745 
Tolli J, King GM (2005) Diversity and structure of bacterial chemolithotrophic 
communities in pine forest and agroecosystem soils. Appl Environ Microb 
71:8411-8418 
Tolliver KS, Colley DM, Young DR (1995) Inhibitory effects of Myrica cerifera on Pinus 
taeda. Am Midl Nat :256-263 
Torrey JG (1990) Cross-inoculation groups within Frankia and host-endosymbiont 
associations. The biology of Frankia and actinorhizal plants:83-106 
Torsvik V, Øvreås L, Thingstad TF (2002) Prokaryotic diversity--magnitude, dynamics, and 
controlling factors. Science 296:1064-1066 
Towata EM (1985) Morphometric and cytochemical ultrastructural analyses of the 
Gunnera kaalensis/Nostoc symbiosis. Bot Gazzette 146 (3): 293-301. 
Tringe SG, Von Mering C, Kobayashi A, Salamov AA, Chen K, Chang HW, Podar M, Short 
JM, Mathur EJ, Detter JC (2005) Comparative metagenomics of microbial 
communities. Science 308:554-557 
Trzcińska M, Pawlik-Skowrońska B (2008) Soil algal communities inhabiting zinc and lead 
mine spoils. J Appl Phycol 20:341-348 doi:10.1007/s10811-007-9259-3 
Referencias Bibliográficas | 219 
 
 
Tscherko D, Rustemeier J, Richter A, Wanek W, Kandeler E (2003) Functional diversity of 
the soil microflora in primary succession across two glacier forelands in the 
Central Alps. Eur J of Soil Sci 54:685-696 
Tu Q, Yu H, He Z, Deng Y, Wu L, Van Nostrand JD, Zhou A, Voordeckers J, Lee YJ, Qin Y, 
Hemme CL, Shi Z, Xue K, Yuan T, Wang A, Zhou J (2014) GeoChip 4: a functional 
gene-array-based high-throughput environmental technology for microbial 
community analysis. Mol Ecol Resour 14, 914-928. doi: 10.1111/1755-
0998.12239. 
Ugolini FC, Dahlgren RA (2002) Soil development in volcanic ash. Global Environ Res 
6:69-82 
Uliassi DD, Ruess RW (2002) Limitations to symbiotic nitrogen fixation in primary 
succession on the Tanana river floodplain. Ecol 83 (1): 88-103. 
van Bellen S, Mauquoy D, Hughes PD, Roland TP, Daley TJ, Loader NJ, Street-Perrott FA, 
Rice EM, Pancotto VA, Payne RJ (2015) Late-Holocene climate dynamics 
recorded in the peat bogs of Tierra del Fuego, South America. The Holocene 
26:489-501 doi:10.1177/0959683615609756 
van der Heijden MG, Bardgett RD, van Straalen NM (2008) The unseen majority: soil 
microbes as drivers of plant diversity and productivity in terrestrial ecosystems. 
Ecology Lett 11:296-310 doi:10.1111/j.1461-0248.2007.01139.x 
van der Heijden MGA, Horton TR (2009) Socialism in soil? The importance of mycorrhizal 
fungal networks for facilitation in natural ecosystems. J Ecol 97:1139-1150 
doi:10.1111/j.1365-2745.2009.01570.x 
van der Putten WH, Bardgett RD, Bever JD, Bezemer TM, Casper BB, Fukami T, Kardol P, 
Klironomos JN, Kulmatiski A, Schweitzer JA, Suding KN, Van de Voorde TFJ, 
Wardle DA, Hutchings M (2013) Plant-soil feedbacks: the past, the present and 
future challenges. J Ecol 101:265-276 doi:10.1111/1365-2745.12054 
van der Wal A, Geydan TD, Kuyper TW, de Boer W (2013) A thready affair: linking fungal 
diversity and community dynamics to terrestrial decomposition processes. 
FEMS Microbiol Rev 37:477-494 doi:10.1111/1574-6976.12001 
van Heijenoort J (2001) Formation of the glycan chains in the synthesis of bacterial 
peptidoglycan. Glycobiology 11:25R-36R 
Vanormelingen P, Verleyen E, Vyverman W (2007) The diversity and distribution of 
diatoms: from cosmopolitanism to narrow endemism. Biodivers Conserv 
17:393-405 doi:10.1007/s10531-007-9257-4 
Ventosa A, de la Haba RR, Sanchez-Porro C, Papke RT (2015) Microbial diversity of 
hypersaline environments: a metagenomic approach. Curr Opin Microbiol 
25:80-87 doi:10.1016/j.mib.2015.05.002 
Vetrovsky T, Steffen KT, Baldrian P (2014) Potential of cometabolic transformation of 
polysaccharides and lignin in lignocellulose by soil Actinobacteria. PloS one 
9:e89108 doi:10.1371/journal.pone.0089108 
220 | Referencias Bibliográficas 
 
 
Vincent WF (2000) Cyanobacterial dominance in the Polar Regions In Whitton BA, Potts 
M (eds): The Ecology of Cyanobacteria. Kluwer Acad Publ, Netherlands. 
Vitousek PM (2004) Nutrient cycling and limitation: Hawai'i as a model system. 
Princeton University Press  
Vitousek PM, Walker LR (1989) Biological invasion by Myrica faya in Hawai'i: plant 
demography, nitrogen fixation, ecosystem effects. Ecol Monogr 59:247-265 
Vorobyova E , Soina V, Gorlenko M, Minkovskaya N, Zalinova N, Mamukelashvili A, 
Gilichinsky D, Rivkina E, Vishnivetskaya T (1997) The deep cold biosphere: facts 
and hypothesis. FEMS Microbiol Revs  20:277-290 
Voroney RP (2014) The soil habitat. In : Soil Biology, Ecology, and Biochemistry, Paul EA 
(ed). Academic Press pp.25-52 
Vos M, Wolf AB, Jennings SJ, Kowalchuk GA (2013) Micro-scale determinants of bacterial 
diversity in soil. FEMS Microbiol Rev 37:936-954 doi:10.1111/1574-6976.12023 
Vos P, Garrity G, Jones D, Krieg NR, Ludwig W, Rainey FA, Schleifer K-H, Whitman WB 
(eds., 2009) Bergey’s Manual of Systematic Bacteriology, 2nd ed., vol. 3, 
Springer-Verlag 
Walker JF, Aldrich‐Wolfe L, Riffel A, Barbare H, Simpson NB, Trowbridge J, Jumpponen A 
(2011) Diverse Helotiales associated with the roots of three species of Arctic 
Ericaceae provide no evidence for host specificity. New Phytol 191:515-527 
Walker JR (1993) Nitrogen fixers and species replacements in primary succession. In: 
Miles J, Walton DWH (eds): Primary succession on land. Blackwell Sci 
Walker LR (1999) Patterns and processes in primary succession Ecosystems of the 
World:585-610 
Walker LR, Chapin FS (1986) Physiological controls over seedling growth in primary 
succession on an Alaskan floodplain. Ecology:1508-1523 
Walker LR, Clarkson BD, Silvester WB, Clarkson B (2003) Colonization dynamics and 
facilitative impacts of a nitrogen‐fixing shrub in primary succession. J Veg Sci 
14:277-290 
Walker LR, del Moral R (2003) Primary succession and ecosystem rehabilitation. 
Cambridge University Press  
Walker LR, Wardle DA, Bardgett RD, Clarkson BD (2010) The use of chronosequences in 
studies of ecological succession and soil development. J Ecol 98:725-736 
Walton D (1985) Cellulose decomposition and its relationship to nutrient cycling at 
South Georgia. In: Antarctic nutrient cycles and food webs, ed W.R. Siegfried, 
P.R. Condy and R.M. Laws, Springer, pp 192-199. 
Wang J, Dong H, Wang W, Gu J-D (2014) Reverse-transcriptional gene expression of 
anammox and ammonia-oxidizing archaea and bacteria in soybean and rice 
paddy soils of Northeast China. Appl Microbiol Biotech 98:2675-2686 
Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive Bayesian classifier for rapid 
assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ 
Microbiol 73:5261-5267 doi:10.1128/AEM.00062-07 
Referencias Bibliográficas | 221 
 
 
Wang X, Zhang T, Sun J, Zhang X, Li Z, Lou K (2010) Ecological characterization of soil 
microflora in primary succession across glacier forefield: a case study of Glacier 
No. 1 at the Headwaters of Urumqi River. Shengtai Xuebao/Acta Ecol Sin 
30:6563-6570 
Wardle DA (2002) Communities and ecosystems: linking the aboveground and 
belowground components vol 34. Princeton University Press,  
Wardle DA, Walker LR, Bardgett RD (2004) Ecosystem properties and forest decline in 
contrasting long-term chronosequences. Science 305:509-513 
Warming E (1895) Plantesamfund: grundtræk af den økologiske plantegeografi. 
Philipsen  
Warming E, Vahl M (1909) Oecology of plants. Plant Ecology 374-405 
Warren C, Aniya M (1999) The calving glaciers of southern South America. Global Planet 
Change  22:59-77 
Wei ST, Fernández-Martínez MA, Chan Y, Van Nostrand JD, de los Ríos A, Chiu JM, 
Ganeshram AM, Cary SC, Zhou J, Pointing SB (2015a) Diverse metabolic and 
stress-tolerance pathways in chasmoendolithic and soil communities of Miers 
Valley, McMurdo Dry Valleys, Antarctica. Polar Biol 38, 433-443. 
Wei ST, Higgins CM, Adriaenssens EM, Cowan DA, Pointing SB (2015b) Genetic 
signatures indicate widespread antibiotic resistance and phage infection in 
microbial communities of the McMurdo Dry Valleys, East Antarctica. Polar Biol 
38, 919-925. doi: 10.1007/s00300-015-1649-4. 
Welc M, Frossard E, Egli S, Bünemann EK, Jansa J (2014) Rhizosphere fungal assemblages 
and soil enzymatic activities in a 110-years alpine chronosequence. Soil Biol 
Biochem 74:21-30 
Whitman WB, Goodfellow M, Kämpfer P, Busse H-J, Trujillo ME, Ludwig W, Suzuki K-i 
(eds., 2012) Bergey’s Manual of Systematic Bacteriology, 2nd ed., vol. 5, parts 
A and B, Springer-Verlag, New York, NY. 
Wickham H (2014) reshape2: Flexibly reshape data: a reboot of the reshape package R 
package version 1.4 
Wiles GC, Lawson DE, Lyon E, Wiesenberg N, D'Arrigo RD (2011) Tree-ring dates on two 
pre-Little Ice Age advances in Glacier Bay National Park and Preserve, Alaska, 
USA. Quaternary Res 76:190-195 doi:10.1016/j.yqres.2011.05.005 
Wilkinson DM, Creevy AL, Valentine J (2012) The past, the present and the future of soil 
protest ecology. Acta Protozoologica 51:189-1999 
Wilkinson H, Wanntorp L (2007) Gunneraceae In: The Families and Genera of Flowering 
Plants, Vol. 9, K. Kubitzki (ed.) Springer-Verlag pp. 177–183 
Wilkinson HP, Wanntorp L (2007) Gunneraceae. Flowering plants - Eudicots In: The 
Families and Genera of Vascular Plants 9: 177-183. 
Williamson KE, Radosevich M, Wommack KE (2005) Abundance and diversity of viruses 
in six Delaware soils. Appl Environ Microb 71:3119-3125 
doi:10.1128/AEM.71.6.3119-3125.2005 
222 | Referencias Bibliográficas 
 
 
Willis MJ, Melkonian AK, Pritchard ME, Rivera A (2012) Ice loss from the Southern 
Patagonian Ice Field, South America, between 2000 and 2012. Geophys Res Lett 
39:n/a-n/a doi:10.1029/2012GL053136 
Wilmotte A, Van der Rauwera G, De Wachter R (1993) Structure of the 16-S ribosomal 
RNA of the thermophilic cyanobacterium chlorogloeopsis HTF (‘mastigocladus 
laminosus HTF’) strain PCC7518, and phylogenetic analysis. FEBS Lett 317: 96–
100. 
Winchester V, Harrison S (2000) Dendrochronology and lichenometry: colonization, 
growth rates and dating of geomorphological events on the east side of the 
North Patagonian Icefield, Chile. Geomorphology 34:181-194 
Woese CR, Kandler O, Wheelis ML (1990) Towards a natural system of organisms: 
proposal for the domains Archaea, Bacteria, and Eucarya. PNAS 87:4576-4579 
Wu X, Zhang W, Liu G, Yang X, Hu P, Chen T, Zhang G, Li Z (2012) Bacterial diversity in 
the foreland of the Tianshan No.1 glacier, China. Environ Res Lett 7:014038 
Wynn-Williams, DD (1996) Response of pioneer soil microalgal colonists to 
Environmental change in Antarctica. Microb Ecol 31: 177-188. 
Xercavins Comas A (1984) Notas sobre el clima de Magallanes (Chile). Rev Geogr 18: 95-
110. 
Xu J (2006) Microb ecol in the age of genomics and metagenomics: concepts, tools, and 
recent advances. Mol Ecol 15:1713-1731 doi:10.1111/j.1365-
294X.2006.02882.x 
Yang Z, Rannala B (1997) Bayesian phylogenetic inference using DNA sequences: A 
Markov chain Monte Carlo method. Mol Biol Evol 14: 717–724. 
Yeager CM, Kornosky JL, Housman DC, Grote EE, Belnap J, Kuske CR (2004) Diazotrophic 
community structure and function in two successional stages of biological soil 
crusts from the Colorado Plateau and Chihuahuan Desert. Appl Environ 
Microbiol 70, 973-983. 
Yergeau E, Kang S, He Z, Zhou J, Kowalchuk GA (2007) Functional microarray analysis of 
nitrogen and carbon cycling genes across an Antarctic latitudinal transect. ISME 
J 1, 163-179. doi: 10.1038/ismej.2007.24. 
Yim G, Wang HMH, Davies J (2007) Antibiotics as signalling molecules. Proc. R. Soc. Lond. 
B 362:1195–1200 
Yin S, Chen D, Chen L, Edis R (2002) Dissimilatory nitrate reduction to ammonium and 
responsible microorganisms in two Chinese and Australian paddy soils. Soil Biol 
Biochem 34:1131-1137 
Yiqi L, Zhou X (2010) Soil respiration and the environment. Academic press  
Yoon HS, Muller KM, Sheath RG, Ott FD, Bhattacharya D (2006) Defining the Major 
Lineages of Red Algae (Rhodophyta). J Phycol 42:482-492 doi:10.1111/j.1529-
8817.2006.00210.x 
Referencias Bibliográficas | 223 
 
 
Yoshitake S, Uchida M, Koizumi H, Kanda H, Nakatsubo T (2010) Production of biological 
soil crusts in the early stage of primary succession on a high Arctic glacier 
foreland. New Phytol 186:451-460 doi:10.1111/j.1469-8137.2010.03180.x 
Young KD (2006) The selective value of bacterial shape. Microbiol Mol Biol R : MMBR 
70:660-703 doi:10.1128/MMBR.00001-06 
Young TP, Chase JM, Huddleston RT (2001) Community succession and assembly 
comparing, contrasting and combining paradigms in the context of ecological 
restoration. Ecological restoration 19:5-18 
Yue H, Wang M, Wang S, Gilbert JA, Sun X, Wu L, Lin Q, Hu Y, Li X, He Z, Zhou J, Yang Y 
(2015) The microbe-mediated mechanisms affecting topsoil carbon stock in 
Tibetan grasslands. ISME J doi: 10.1038/ismej.2015.19. 
Yung CC, Chan Y, Lacap DC, Pérez-Ortega S, de los Ríos A, Lee CK, Cary SC, Pointing SB 
(2014) Characterization of chasmoendolithic community in Miers Valley, 
McMurdo Dry Valleys, Antarctica. Microb Ecol 68:351-359 doi:10.1007/s00248-
014-0412-7 
Zablocki O, van Zyl L, Adriaenssens EM, Rubagotti E, Tuffin M, Cary SC, Cowan D (2014) 
High-level diversity of tailed phages, eukaryote-associated viruses, and 
virophage-like elements in the metaviromes of antarctic soils. Appl Environ 
Microb 80:6888-6897 doi:10.1128/AEM.01525-14 
Zackrisson O, DeLuca TH, Gentili F, Sellstedt A, Jaderlund A (2009) Nitrogen fixation in 
mixed Hylocomium splendens moss communities. Oecologia 160:309–319. 
Zancan S, Trevisan R, Paoletti MG (2006) Soil algae composition under different agro-
ecosystems in North-Eastern Italy. Agr Ecosys Environ 112:1-12 
doi:10.1016/j.agee.2005.06.018 
Zeglin L, Bottomley PJ, Jumpponen A, Rice C, Arango M, Lindsley A, McGowan A, 
Mfombep P, Myrold D (2013) Altered precipitation regime affects the function 
and composition of soil microbial communities on multiple time scales. Ecology 
94:2334-2345 
Zemp M, Frey H, Gärtner-Roer I, Nussbaumer SU, Hoelzle M, Paul F, Haeberli W, 
Denzinger F, Ahlstrøm AP, Anderson B, Bajracharya S, Baroni C, Braun LN, 
Cáceres BE, Casassa G, Cobos G, Dávila LR, Delgado Granados H, Demuth MN, 
Espizua L, Fischer A, Fujita K, Gadek B, Ghazanfar A, Hagen JO, Holmlund P, 
Karimi N, Li Z, Pelto M, Pitte P, Popovnin VV, Portocarrero CA, Prinz R, Sangewar 
CV, Severskiy I, Sigurðsson O, Soruco A, Usubaliev R, Vincent C (2015) 
Historically unprecedented global glacier decline in the early 21st century. J 
Glaciol 61:745-762 doi:10.3189/2015JoG15J017 
Zhao J, Zuo J, Wang X, Lin J, Yang Y, Zhou J, Chu H, Li P (2014) GeoChip-based analysis of 
microbial community of a combined nitritation-anammox reactor treating 
anaerobic digestion supernatant. Water research 67:345-354 
doi:10.1016/j.watres.2014.09.029 
224 | Referencias Bibliográficas 
 
 
Zhou J (2009) Predictive microbial ecology. In: Crystal Ball 2009. Microb Biotech 2:154-
156 
Zhou J, He Z, Yang Y, Deng Y, Tringe SG, Alvarez-Cohen L (2015) High-throughput 
metagenomic technologies for complex microbial community analysis: open 
and closed formats. mBio 6 doi:10.1128/mBio.02288-14 
Zhou J, Kang S, Schadt CW, Garten CT (2008) Spatial scaling of functional gene diversity 
across various microbial taxa. PNAS 105, 7768-7773 
Zhou J, Xia B, Huang H, Palumbo AV, Tiedje JM (2004) Microbial diversity and 
heterogeneity in sandy subsurface soils. Appl Environ Microb 70:1723-1734 
Zielke M, Solheim B, Spjelkavik S, Olsen RA (2005) Nitrogen fixation in the high arctic: 
role of vegetation and environmental conditions. Arct Antarct Alp Res 37, 372-
378 
Žifcáková L, Vetrovsky T, Howe A, Baldrian P (2016) Microbial activity in forest soil 
reflects the changes in ecosystem properties between summer and winter. 
Environ Microbiol 18:288-301 doi:10.1111/1462-2920.13026 
Zilla T, Kuzyakov Y, Zavisiæ A, Polle A Competition between roots and microorganisms 
for phosphorus: A novel 33P labeling approach. In: EGU General Assembly 
Conference Abstracts, 2015. p 15746 
Zinger L, Lejon DP, Baptist F, Bouasria A, Aubert S, Geremia RA, Choler P (2011) 
Contrasting diversity patterns of crenarchaeal, bacterial and fungal soil 
communities in an alpine landscape. PloS one 6:e19950 
doi:10.1371/journal.pone.0019950 
Zumsteg A, Bernasconi SM, Zeyer J, Frey B (2011) Microbial community and activity 
shifts after soil transplantation in a glacier forefield. Appl Geochem 26:S326-
S329 
Zumsteg A, Luster J, Goransson H, Smittenberg RH, Brunner I, Bernasconi SM, Zeyer J, 
Frey B (2012) Bacterial, archaeal and fungal succession in the forefield of a 
receding glacier. Microb Ecol 63, 552-564. doi: 10.1007/s00248-011-9991-8. 
Zuo G, Xu Z, Hao B (2015) Phylogeny and Taxonomy of Archaea: A Comparison of the 
Whole-Genome-Based CVTree Approach with 16S rRNA. Sequence Analysis Life 
(Basel) 5:949-968 doi:10.3390/life5010949 
 
 
 
 
 
 
  
| 225 
 
 
 
 
  
226 |  
 
 
 
Agradecimientos | 227 
 
 
AGRADECIMIENTOS 
 Llegar a este punto, el final de la redacción de mi tesis doctoral, se está 
convirtiendo en un cúmulo de sensaciones. Por un lado, me invade una gran felicidad y 
un gran orgullo al saber que, finalmente, he sido capaz de terminar este trabajo, del que 
ahora me siento tan satisfecho, sentimiento que espero crezca aún más pasado un 
tiempo. Por otro, mi gran amiga la ansiedad (compañera durante tantas y tantas horas 
de estos casi seis años) impide que me relaje, y que, con ello, me olvide de alguna de las 
personas sin las cuáles esta tesis no hubiera sido posible. Esperemos que cumpla… 
 
 No creo que haya nadie tan responsable de que este viaje haya llegado a buen 
puerto como mis dos directores de tesis. Asun y Sergio, sabéis que sin vuestra paciencia, 
esfuerzo, dedicación, horas de sueño escamoteadas, y un sinfín de cosas más, no habría 
sido capaz de terminar nunca mi etapa predoctoral. Espero que en unos años guardéis 
un recuerdo mío, al menos, tan grato como el que voy a guardar yo de vosotros. No me 
cansaré de repetirlo, GRACIAS. 
 Si bien la parte de investigación es prioritaria, la parte personal es esencial. Por 
ello, las otras personas responsables de que todo este proceso tenga un final feliz deben 
ocupar un lugar principal en estos agradecimientos. Mis padres, mis principales 
valedores desde el primer momento en el que decidí iniciar este duro trayecto, no se 
merecen una mera frase, ¡se merecen un monumento! Cristina, qué te voy a contar a ti 
que tú no sepas ya. Compañera inmejorable en los momentos buenos (y en los muy 
buenos), apoyo incomparable en los malos (y en los muy malos), tú no te mereces un 
monumento, tú te mereces todo. Y más. 
El recuerdo a los compañeros a los que he tenido la suerte de conocer durante 
este periodo requiere también un lugar destacado en estos agradecimientos. Mariajo, 
Bea, Sergio, Mariela, Rudi, Isaac, Cristina… sin vosotros todo esto tampoco hubiera sido 
posible. Una parte de esta tesis, mayor de la que os pensáis, os pertenece. Espero que 
podamos seguir teniendo contacto en el futuro, ¡se os quiere! 
Como no agradecer a Carmen Ascaso el haberme acogido en el grupo que ella 
dirige, como si yo siempre hubiese formado parte de esa familia tan especial que se 
reúne entre las plantas -1, 5 y 6 del Centro de Ciencias Medioambientales. No puedo 
228 | Agradecimientos 
 
 
olvidarme tampoco de Jacek Wierzchos, quien me ha permitido hacer de su laboratorio 
mi despacho durante más de cuatro años, siempre con una sonrisa y una energía 
incomparables, ni de Virginia Souza, siempre dispuesta a echar un cable. Mención 
especial merecen Fernando Pinto, con el que compartí tantos buenos ratos en el 
microscopio y que siempre tendrá un hueco en mi corazón, Raimundo Villar, por su 
inestimable ayuda con todos los trámites burocráticos, y Teresa Carnota, la cual espero 
que esté disfrutando de su bien merecida jubilación. Junto con ellos, agradecer a todo 
el personal del extinto IRN, del ICA y del Museo Nacional de Ciencias Naturales que 
directa o indirectamente han contribuido a hacer mejor mi estancia en estos institutos 
y en el CSIC. 
Gracias también a Leopoldo G. Sancho por su ayuda desde la fase inicial del 
doctorado, junto con Allan Green y Ana Pintado, parte indispensable de las campañas 
de muestreo en las que fueron recogidos los suelos y las plantas que he podido analizar. 
Gracias en este punto también a los doctores Rozzi, Massardo y a sus instituciones 
(Fundación Omora y Universidad de Magallanes), así como a David Palacios (UCM) por 
organizar y supervisar el trabajo de campo y las tareas logísticas durante el muestreo. 
Gracias al Capitán Mansilla y a la tripulación del ‘Don Pelegrín’ por la navegación y el 
trato tan agradables que ofrecieron a los científicos que tuvieron la gran suerte de 
recorrer con ellos Tierra del Fuego.  
Creo necesario agradecer aquí también a María Arróniz todas las tareas en las 
que ha contribuido durante esta tesis, desde la recolección de ejemplares de Gunnera 
magellanica, hasta la participación en las publicaciones. 
Begoña Aguado, Fernando Carrasco y todo el personal, tanto del departamento 
de Genómica del CBMSO (CSIC), como del Parque Científico de Madrid (en especial los 
trabajadores de NGS), merecen un reconocimiento por su inestimable ayuda en el 
diseño y realización de los análisis de pirosecuenciación. 
Igualmente quiero agradecer a William Sanders y Ana Burton su ayuda a la hora 
de la escritura en inglés, así como a Laura Barrios de la Unidad Estadística del Área de 
Informática Científica (SGAI, CSIC), por sus consejos sobre los análisis estadísticos 
realizados en esta tesis, y a R.C. Edgar por sus recomendaciones y ayuda en el uso de los 
programas de bioinformática empleados para los análisis de los distintos capítulos. 
Agradecimientos | 229 
 
 
Gracias igualmente a Steve Pointing por su indispensable participación en la 
realización de los análisis de GeoChip, así como por su contribución a los diferentes 
capítulos, y por haberme acogido en su departamento durante la realización de mi 
estancia en la Auckland University of Technology. Gracias por supuesto a todos los 
miembros de la AUT que tuve oportunidad de conocer allí, en especial a Sean Wei, quien 
me ayudó a sentirme como en casa desde el primer momento. 
Y como no, gracias al Ministerio de Economía y Competitividad por otorgarme 
financiación durante el periodo 2010-2014 mediante el programa de becas de 
Formación del Personal Investigador (FPI), y los proyectos CTM2009-12838-CO4 (-01, -
03) y CTM2012-38222-C02 (-01, -02) sin los cuales nada de esto hubiera sido posible. Sin 
inversión, no hay Ciencia; y Sin Ciencia no hay Futuro. 
 
Pese a que lo he dejado para el final, no quiero que pase desapercibido un 
agradecimiento muy, muy especial a los cómplices que me han acompañado desde que 
todo esto empezó, mucho antes de saber yo lo que era una tesis. Gracias a toda mi 
familia, que siempre ha estado ahí y estará en el futuro, pase lo que pase. Gracias a mis 
amigos de Coslada, San Fernando, Velilla y Alcalá, incansables en su apoyo desde mucho 
antes de la mayoría de edad, compañeros durante las jornadas maratonianas en la 
biblioteca, gracias a las cuales acabamos nuestras respectivas carreras (¡Ánimo Laura! 
¡Ánimo Paco!), masters, etc., además de ser los mejores colegas de farra, ayer, hoy 
(menos), mañana y siempre. Y gracias, como no, a mis compañeras y compañeros de la 
universidad. En especial a mi inseparable Pablo. Pol, no sé qué hubiera sido de mi paso 
por la UAM sin haberte conocido. ¡Espero que tú opines lo mismo! Sandra y Gonzalo, 
una parte de esto también es vuestra. 
Anabel, sabes que si tú no hubieras regado la semillita que sembraron, entre 
otros, Mª Carmen y Ricardo en los primeros años de universidad, esta planta nunca 
hubiera crecido. Gracias por enseñarme tanto y por hacerme querer aprender siempre 
más sobre este fascinante mundo de la vida microscópica.  
 
En definitiva, a todos 
GRACIAS
  
  
 
 
 
 
  
  
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“En algún sitio, 
algo increíble espera ser descubierto” 
Carl Sagan
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